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Abstract
In the United States, about 1/3 of the 1400 superfund sites have been reported to be
chromium contaminated, making chromium the second most common metal found in superfund
chemical contamination sites. Chromium removal from soil has commonly been carried out via
chemical, physical, and thermal processes. However, these methods are expensive and/or
invasive to local ecosystems. In contrast to these techniques, phytoremediation (the use of plants
to remove toxic substances from areas containing contamination at low or medium levels)
appears to be a cost-effective and environmentally friendly process for chromium removal.
However, most reports on chromium phytoremediation suggest that this element is stored in
roots and very few amounts are translocated to the frond. Parkinsonia aculeata (Leguminosae,
Fabaceae), a shrub/tree native to the southwestern United States and northern Mexico, where it is
commonly known as the Mexican Palo Verde (MPV), was selected as a model plant to
investigate its potential for chromium phytoremediation in desert areas.
In these studies, plants were exposed to chromium(III) and chromium(VI) ions under
different experimental conditions, including the use of phytohormones in hydroponics and soil.
The objectives of this research were to understand the Cr uptake, distribution, and accumulation
in MPV, as well as the effect of phytohormones in response to Cr stress on MPV. This project
was performed in four phases. In phase one, MPV plants were treated with different
concentrations of Cr(III) and Cr(VI) in hydroponics to assess its tolerance to Cr stress, as well as
to determine the main signs of Cr toxicity. The results from phase one were used in phase two,
where plants were sown in soil with a range of Cr(III) and Cr(VI) concentrations to determine
the real potential of MPV for Cr absorption. In phase three, MPV plants were grown both in soil
vii

containing tolerable concentrations of Cr(III) and Cr(VI), as well as different concentrations of
phytohormones so as to determine their influence on MPV’s response to Cr stress. In phase
four, a 6-month long experiment was carried out to evaluate the long term effect of Cr stress in
MPV plants and the Cr distribution pattern in plant organs. A series of inductively coupled
plasma-optical emission spectrometry and other spectroscopic techniques as well as biochemical
assays were used in this research.
Results demonstrated that Cr(VI) treatment produced shorter and weaker plants compared
to Cr(III) treatment. In both cases the translocation of Cr into the stems increased with time.
Results have also shown that the uptake of nutrient elements varied with time and Cr species.
For instance, in Cr(III)-treated plants, Fe accumulation in stems decreased with time but no
changes were observed in leaves, although Cr(VI)-treated plants displayed similar Fe
accumulation in all tissues throughout the 6-month growth period. The IR spectra of tissues
revealed that Cr altered plant lignin in the cortex and xylem, and the degree of lignification and
protein content increased under Cr stress. The study also showed that the phytohormone kinetin
(KN) at 250 µM reduced catalase (CAT) but increased ascorbate peroxidase (APOX) activity in
the roots of Cr(VI)-treated plants. Both CAT and APOX were reduced in the leaves of plants
treated with Cr(III) and KN. However, under Cr(VI) stress neither CAT nor APOX were reduced
by the presence of KN.
The electron probe microanalyzer proved to be a feasible and practical tool for metal
analysis in plant tissues. X-ray fluorescence images showed that for both of the Cr(III) and
Cr(VI) treatments, Cr was mainly located at the cortex section in the root, and Cr distribution
was essentially homogenous in stems. However, Cr(VI)-treated roots and stems had more Cr
accumulation than the corresponding part in Cr(III) treatments. X-ray absorption spectroscopy
viii

data showed that Cr(VI) was reduced to Cr(III) in/on plant roots and transported as Cr(III) to the
stems and leaves. Overall, this research demonstrated not only that MPV can uptake and store
Cr inside plant tissues, but also, that kinetin is capable of increasing the translocation of Cr from
roots to stems in plants treated with both Cr ions, improving the MPV’s ability to phytoremediate
Cr in moderately impacted soils.

Publications from this research:
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determine the uptake and biotransformation of chromium(III) and chromium(VI) by
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2. Zhao, Y., Peralta-Videa, J.R., Lopez-Moreno, M.L., Saupe, G.B., and Gardea-Torresdey,
J.L. Use of plasma-based spectroscopy and infrared microspectroscopy techniques to
determine the uptake and effects of chromium(III) and chromium(VI) on Parkinsonia
aculeate. Int. J. Phytorem. ID: BIJP-2010-0035.R3.
3. Zhao, Y., Peralta-Videa, J.R., Lopez-Moreno, M.L., Ren, M.H., Saupe, G.B., and
Gardea-Torresdey, J.L. Kinetin increases chromium absorption, modulates its
distribution, and changes the activity of catalase and ascorbate peroxidase in Mexican
Palo Verde. Environ. Sci. Technol. (submitted and in review).
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Chapter 1: Introduction
1.1 Chromium
Heavy metals, defined as elements with a relative atomic mass above 40 and a specific
density greater than 5 g cm-3, have been attracting the attention of scientists and engineers for
some time now because of their polluting effect on the environment. Elements such as cadmium
(Cd), chromium (Cr), copper (Cu), mercury (Hg), and lead (Pb) are the most common toxic
heavy metals (Seregin et al., 2001). Accumulation of these metals in soil and water represents a
threat for living organisms, because at certain concentrations metals can alter normal metabolic
functions and produce a number of toxicity symptoms (Piechalak et al., 2003). Chromium is one
of the most dangerous heavy metals found worldwide. The widespread use of chromium in
processes ranging from the metallurgical, refractory, and chemical industries has led to Cr
enrichment in many ecosystems (Zhang et al., 2005). In the United States, chromium ranks as the
second most common metal found at sites for which the Records of Decision System have been
signed, and about 1/3 of 1400 superfund sites have been reported to have chromium problems
(EPA, 2000). Chromium is most commonly found in two relatively stable forms, trivalent
[Cr(III)] and hexavalent [Cr(VI)]. Both Cr species differ in physicochemical properties as well
as chemical and biochemical reactivity (Hryniewicz et al., 1990; Karbonowska et al., 1977; Rai
et al., 1992; Sirko et al., 1990). The maximum contaminant level (MCL) in public water systems
for chromium (total) is set as 0.1 ppm (EPA 2000). Trace amounts of Cr(III) is essential in the
metabolism of humans and animals (Mertz, 1975; Anderson, 1981; Shrivastava et al., 2002) as it
is responsible for the control of glucose and lipid metabolism in mammals (Anderson, 1989).
However, excess amount of Cr(III) is considered harmful for mammals and humans. Additional,
1

Cr(VI) has serious toxic effects on biological systems. Cr(VI) is a strong oxidation agent and has
the ability to cross the cell membranes and form free radicals during the reduction of Cr(VI) to
Cr(III) (Kotas and Stasicka, 2000). Cr(VI)-containing materials can cause asthma, bronchitis,
inflammation of the larynx and liver, and an increased incidence of bronchogenic carcinoma
(EPA 1998, 1999). Cr(VI) can also produce skin allergies, dermatitis, dermal necrosis, and
dermal corrosion (Gad, 1989; Lee et al., 1989). Overall, for these reasons, Cr(VI) is considered
an important controlled contaminant in most countries (Gardea-Torresdey et al, 2004; Zayed and
Terry, 2003).

1.2 Phytoremediation
Chromium removal from soil has been carried out via chemical, physical, and thermal
processes including nitrification, stabilization, and chemical oxidation (Barcelo and
Poschenrieder, 2003; EPA, 2000; Cunningham et al., 1997); however, these techniques are
expensive and/or invasive to local ecosystems. In contrast to these techniques, phytoremediation
is a harmless and environmentally friendly technique that uses plants to remove toxic substances
from areas containing contamination at low or medium levels (Gardea-Torresdey et al., 2003,
2004; Nedelkoska and Doran, 2000). Phytoremediation shows great potential to clean heavy
metal-contaminated waters and soils because plants are frequently directly exposed to metalcontaminated locations (Barcelo and Poschenrieder, 2003). Phytoremediation can be
accomplished by several techniques: 1) phytoextraction, where plants reduce soil contamination
by accumulating the contaminant (usually metals) in their shoots; 2) phytodegradation, where
toxic compounds are degraded by plant exudates in the root zone or are metabolized by enzymes;
3) phytorhizofiltration, where roots accumulate metal contaminants from wastewaters; 4)
2

phytovolatilization, where contaminants are eliminated by plant transpiration; 5) containment
and immobilization, by which the contaminant is sequestered inside roots of non-harvestable
plants; 6) hydraulic control, where plants are able to absorb great amounts of water, therefore
increasing their evaporation and transpiration; and 7) phytorestauration, where plants are grown
in desolate areas to alleviate soil erosion (Peer et al., 2006). Phytoremediation has attracted the
interest of both governments and industries as a cost-effective and environmentally-sound green
process (Raskin et al., 1997; Pulford and Watson, 2003), and may find applications in
decontaminating areas with toxic chromium concentrations.

1.3 Reduction Mechanisms of Chromium in Plants
The mechanisms that plants use for detoxifying accumulated metal in plants include
chelation, compartmentalization, biotransformation, and cellular repair (Salt et al., 1998). As
seen in Figure 1.1, heavy metals, such as chromium, are generally transported and deposited in
the vacuole as metal chelates. It has been assumed that all chromates are taken up via SO42 − and
HPO42− transporter (Crawford et al, 2000). Baker et al. (2000) stated that most metal ions taken
up by plants are chelated by oxygen-donor ligands. Examples of oxygen-donor ligands could be
organic acids, in particular carboxylic acid (such as oxalic acid, formic acid, citric acid, fumaric
acid, malic acid, succinic acid, acetic acid, aconitic acid, and tartaric acid etc.). However, sulfurdonor ligands (like metallothioneins and phytochelatins) also form highly stable complexes with
metal ions. Glutathione, a tripeptide of glycine, cysteine, and glutamic acid, has a major
important role in the intracellular metabolism of Cr(VI). Glutathione can form a complex with
Cr(VI) in a rapid equilibrium step, followed by a slow reduction of Cr(VI); thus, it can play as an
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intramolecular stabilizer of Cr(VI) via the formation of a thiolate ester to yield other Cr species,
which alters DNA conformation (Borges et al., 1991).

Figure 1.1. Hypothetical model of chromium in plant roots (Shanker et al, 2005)
Many mechanisms for the reduction of Cr(VI) to Cr(III) have been proposed. One of the
major factors, affecting the reaction mechanism, is the ability of the substrate to stabilize
Cr(V/IV) intermediates(Codd et al, 1997; 2001). Figure 1.2 shows one reasonable kinetic
analysis approach of Cr(VI) reduced to Cr(III) by cysteine, which is a sequential one-electron
reduction (Cr(VI) → Cr(V) → Cr(IV) → Cr(III)). Firstly, a Cr(VI)–Cys complex is formed
between Cr(VI) ion and two cysteine molecules. Secondly, a proton from thiol group is added to
Cr(VI) complex and the Cr(V)–(cysteinato)2 is formed involving equimolar equivalents of
cysteine. Afterwards, Cr(V)–(cysteinato)2 is abstracting a proton from thiol to form a Cr(IV)
complex. Finally, the Cr(IV) complex is reduced to Cr(III) by cysteine (Codd et al, 2001).

4

1.

2.

3.

4.
Figure 1.2. The proposed reduction mechanism scheme of Cr(VI)

1.4 The Related Research
Several investigators have reported that Cr(VI) is toxic to plants (Moral et al., 1993;
Samantaray et al., 1996; Samantaray et al., 1998). Cr(VI) inhibits the germination rate in
Kiwifruit pollen, Pisum satirum, and Echinochloa colona (Speranza et al., 2007; Bishnoi et al.,
1993; Rout et al., 2000 ). It also produces chlorosis, necrosis, growth abnormalities, and
anatomical disorders in tomato, potato, oat, and Spirodella polyrhiza (Choo et al., 2006;
Vajpayee et al., 2000; Vernay et al., 2007; Samantaray et al. 1998; Minissi et al. 1998). Cr(VI)
also affects the architecture of the entire root system in Caesalpinia pulcherrima, producing
much shorter roots, more dense and compact root systems, but less root hair density (Iqbal et al.,
2001). Furthermore, root browning has been reported under Cr stress, due to the enhanced
suberization, and might limit water uptake (Breckle, 1989; Samantaray et al., 1996, 1997).
5

Nevertheless, in Nymphaea alba, Nelumbo lutea, Nymphaea spontanea, and Typha angustifolia
the activity of some antioxidant enzymes, such as catalase (CAT), superoxide dismutase (SOD),
and ascorbate peroxidase (APOX) was increased under Cr stress, which may be connected with
Reactive Oxygen Species (ROS) (Karuppanapandian et al., 2006; Pandey and Sharma, 2005;
Montes-Holguin et al., 2006; Dong and Wu, 2007). ROS, such as superoxide radical (O2·),
singlet oxygen (1O2), hydroxyl radical (OH·), and hydrogen peroxide (H2O2), is an important
indicator of plants’ stress. Plants growing under heavy metals stress can induce the formation of
ROS in plant cell organelles (Palma et al., 2002). On the other hand, Cr(III) likes to form some
stable compounds (especially hydroxides, oxides, sulphates, or organic matter), which are
relatively less soluble and less bioavailable (Shrivastava et al., 2002; EPA, 2000). Cr(III) is
usually stored in root cell vacuoles in a precipitated form or in apoplast in cell walls, which is the
reason for restricted mobility of chromium in plants (Mangabeira et al. 2004). Furthermore,
Cr(III) has less toxic effects on plants than Cr(VI) (Becquer et al., 2003).
A number of plants have been studied for Chromium uptake. For instance, Typha
angustifolia and Convolvulus arvensis L showed high tolerance to Chromium (Dong et al., 2007;
Gardea-Torresdey et al., 2004). Leersia hexandra Swartz showed a high uptake capacity for Cr
and may be considered as a new Cr hyperaccumulator (Zhang et al., 2007). Other plants, such as
Cabbage and Chlorella, also showed the ability to uptake Cr (Hörcsik et al., 2006; Pandey et al.,
2003). However, reports indicate that Prosopis and C. arvensis tolerate, uptake, and reduce
Cr(VI) to the less toxic Cr(III) (Aldrich et al., 2003; Montes-Holguin et al., 2006). Moreover,
Prosopis is currently growing in a phytoremediation project at a copper mine tailings in Arizona,
USA (Haque et al., 2009).
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Other studies have shown that the uptake of heavy metals such as Pb may be increased by
phytohormones (Lopez et al, 2007; Wang et al., 2007). Phytohormones are present at the
microgram level inside plants and are involved in different developmental processes for plants
(Pasternak et al., 2002). Kinetin (KN) is an example of phytohormones. Phytohormones were
employed by much research to study for their effect on heavy metal uptake. Wang et al. (2007),
for example, studied lead accumulation and antioxidant response in maize (Zea mays L.)
seedlings under the effect of Indoleacetic acid (IAA), and Lopez et al. (2005, 2007, 2009) carried
out a series of research to study the effect of phytohormone coupled with EDTA on lead uptake
by alfalfa plants (Medicago sativa L.).
The interactions of Cr in plants are based on the physicochemical properties of Cr (Moral
et al. 1996) that possibly lead to complex formation between Cr and organic acid produced by
plants (Aldrich et al., 2003; Lytle et al., 1998). A series of techniques can be used to study such
interactions, such as X-ray absorption spectroscopy (XAS), Electron Probe Microanalyzer
(EPMA), and inductively coupled plasma-optical emission spectrometry (ICP-OES). The
reduction of Cr(VI) to Cr(III) in plants has been successfully proved by XAS for Mesquite plants
(Aldrich et al., 2003), Water Hyacinth (Lytle et al., 1998), and Desert Willow (Peralta-Videa et
al, 2006). Meanwhile, FTIR microspectroscopy was applied to learn the sunflower structure
change affected by organic contaminants (Dokken et al, 2004); moreover, EPMA was used to
predict the Cr distribution in Prosopis (Arias et al., 2010). The aforementioned instruments will
make it possible to understand the principle of interaction between chromium and MPV.

7

1.5 Background on Mexican Palo Verde (MPV)
Parkinsonia Aculeata(as seen at Figure 1.3), a tree of the family Fabaceae, is native to
the southwestern United States and Mexico (as seen at Figure 1.4) where it is commonly known
as the Mexican Palo Verde (MPV). MPV grow between 2 and 8 meters in height, are comprised
of hairless leaves and stems, and are locally native to this region. Table 1.1 describes the
biological classification of MPV. MPV have many advantages compared to other plants, such as
a low water requirement, growth on a wide range of soils, an ease of propagation, and high
biomass output. However, despite the myriad research done on MPV, none of it was applied to
the Palo Verde’s (Parkinsonia) potential for heavy metal removal. In this research project, MPV
plants were selected as a model to investigate uptake of Cr(III) and Cr(VI) as a means of
assessing the possibility of phytoremediation in combating chromium contamination.

Figure 1.3. Parkinsonia Aculeata
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Figure 1.4. Mexican Palo Verde Distribution Map (United States Department of Agriculture)

Table 1.1 Profiles for MPV
Kingdom:

Plantae

Division:

Magnoliophyta

Class:

Magnoliopsida

Order:

Fabales

Family:

Fabaceae

Genus:

Parkinsonia

Species:

P. aculeata
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1.6 Objectives
The general objective of this research is to understand the Cr uptake, distribution, and
accumulation in MPV, as well as the effect of phytohormones coupled with Cr in the plant
response. The specific objectives are (1) to evaluate the effects of different concentrations of
Cr(III) and Cr(VI) on MPV growth, (2) to study the translocation of Cr(III) and Cr(VI) and the
mechanisms involved in the Cr(III) and Cr(VI) uptake, (3) to study the influence of MPV under
the phytohormone kinetin (KN), and (4) to study the oxidation state and the distribution of Cr
inside plant tissues.

1.7 Hypotheses
This investigation will be performed under the working hypothesis that (1) MPV will
uptake some of the Cr presented in the medium, (2) phytohormones will increase the uptake and
translocation of both Cr species, and (3) MPV will reduce Cr(VI) to the less toxic Cr(III).
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Chapter 2: Use of synchrotron- and plasma-based spectroscopic techniques to
determine the uptake and biotransformation of chromium(III) and
chromium(VI) by Parkinsonia aculeata
Abstract
In this study, a combination of inductively coupled plasma optical emission spectroscopy
and X-ray absorption spectroscopy (XAS) was used to study the uptake and speciation of
chromium in Parkinsonia aculeata, commonly known as Mexican Palo Verde. Plants were
treated for 14 days in a modified Hoagland solution containing chromium(III) or chromium(VI)
at several concentrations. The results showed that plants treated with 70 mg Cr(III) L-1 and 30
mg Cr(VI) L-1 had similar Cr concentrations in leaves (~200 mg kg-1 dry weight, DW). The
results also showed that neither Cr(III) nor Cr(VI) affected the uptake of phosphorus and sulfur.
However, the concentration of calcium in the stems of plants treated with Cr(VI) at 40 mg L-1
(about 6000 mg Ca kg-1 DW) was significantly higher compared to the Ca concentration (about
3000 mg kg-1 DW) found in the stems of plants treated with 150 mg Cr(III) L-1. However, no
differences were observed in potassium and magnesium concentrations. The iron concentration
(about 1000 mg kg-1 DW) in roots treated with 40 mg Cr(VI) L-1 was similar to the iron
concentration found in the roots of plants treated with 110 mg Cr(III) L-1. The XAS data showed
that Cr(VI) was reduced to Cr(III) in/on the plant roots and transported as Cr(III) to the stems
and leaves. The XAS studies also showed that Cr(III) within plants was present as an octahedral
complex.
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2.1 Introduction
Heavy metals are of major concern to environmental and human health due to their
toxicity and interference in nutrient absorption. Heavy metals enter the environment through
weathering and dissolution of minerals as well as through anthropogenic activities such as
mining and smelting (Bradl, 2005). However, more important than total concentration is element
speciation. In example, arsenic(III) is much more toxic than arsenic(V) and trivalent chromium
[Cr(III)] is actually an essential nutrient for animals, whereas hexavalent chromium [Cr(VI)] is
highly toxic and a known carcinogen (Parsons et al., 2008; De Flora, 2000; Ryberg and
Alexander,1990).
It has been shown that living plants and inactivated plant tissues are able to reduce Cr(VI)
to the less toxic Cr(III) (Lytle et al, 1998; Aldrich et al, 2003; Montes-Holguin et al, 2006;
Castillo-Michel et al, 2006; Parsons, 2007; , Gardea-Torresdey et al, 2000; Sawalha, 2005;
Parsons et al, 2002; Tiemann et al, 2002; Park et al, 2008). However, the mechanism of
reduction is not fully understood. It has been suggested that reducing sugars or small organic
acids such as citrate are responsible for the reduction, due to electron transfer reactions either on
the plant surface or inside of it (Lytle, et al., 1998). It has also been suggested that the reduction
of Cr(VI) to Cr(III) by living plants may be an enzymatic process (Battaglia-Brunet et al, 2004).
The speciation of Cr in plant samples has been studied using techniques such as liquid
chromatography-inductively coupled plasma-mass spectrometry (LC-ICP-MS) and X-ray
absorption spectrometry (XAS). However, XAS seems to be the simplest and easiest. XAS has
been used to show the reduction of Cr(VI) to Cr(III) in/on the inactivated biomass of Agave
lechugilla (lechuguilla), Medicago sativa (alfalfa), Avena sativa (oat), and salt bush (Atriplex
canescens), among others (Parsons, 2007; , Gardea-Torresdey et al, 2000; Sawalha, 2005;
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Parsons et al, 2002; Tiemann et al, 2002; Park et al, 2008). Also, the reduction of Cr(VI) to
Cr(III) in living samples of Mesquite (Prosopis sp.) field bind weed (Convolvulus arvensis), pea
(Pisum sativum), and clover (Trifolium sp.), among others, has been determined using XAS
(Lytle et al., 1998; Aldrich et al., 2003; Montes-Holguin et al., 2006; Castillo-Michel et al.,
2006; Howe et al, 2003). All of these studies have shown that the Cr reduction occurs at root
level and only Cr(III) is found within the plants(Lytle et al., 1998; Aldrich et al., 2003; MontesHolguin et al., 2006; Castillo-Michel et al., 2006). The above cited references suggest that the
reduction of Cr is due to an enzymatic process. The reduction of Cr would remove electrons
from compounds such as ascorbic acid and different sugars present in/on the root, altering
physiological processes in the plant system. These alterations are noticed through growth
reduction and changes in nutrient uptake pattern. For instance, Cary et al. (1997) reported that
leafy vegetables that tend to accumulate Fe show to be the most effective in translocating Cr to
the edible tops of the plant. In addition, Gardea-Torresdey et al. (2004) reported that C. arvensis
plants treated with Cr(VI) increased Fe accumulation in all plant tissues, whereas the
accumulation of K and Mg increased in leaves. In C. arvensis, Cr(VI) did not affect the
accumulation of B, Mn, Mo, and Zn. On the other hand, in tumbleweed Cr(III) and Cr(VI)
increased Ca concentration in roots but reduced the concentration of K, P, Mg, Cu, and Zn.
However, in C. arvensis Cr(III) at 10 mg/L increased P concentration in leaves (GardeaTorresdey et al., 2005). Similar results have been reported for maize (Zea mays) (Sharma and
Pant, 1994), tomato (Lycopersicon esculentum) (Mora et al., 1996), and other crop plants
(Shanker et al, 2005).
In this study, inductively coupled plasma-optical emission spectroscopy (ICP-OES) was
used to determine the total amount of Cr, micro, and macro nutrients taken up by hydroponically
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grown MPV plants. In addition, XAS was used to determine the oxidation state and coordination
environment of Cr taken up by MPV plants treated with Cr(III) and Cr(VI).

2.2 Methodology
2.2.1 Seed treatment and plant growth conditions
All materials, e.g. paper towels, tweezers, and water were autoclaved prior to use. Seeds
of the MPV were collected from the region of El Paso, TX, USA, from a site with no previous
report on metal contamination. All seeds were immersed in concentrated sulfuric acid for 3 h,
rinsed and immersed in deionized water (DI) for 24 h. Then the seeds were wrapped in paper
towels that had been soaked in an antibiotic-antimycotic solution (Sigma A5955, St Louis, MO),
placed in darkness for 7 d, and then exposed to light for 1 d. Seedlings were set for 7 d in 200mL Mason jars containing a modified Hoagland nutrient solution. After that, seedlings were
treated for 7 d in freshly prepared Hoagland solution containing Cr(III) [from Cr(NO3)3] at 0,
35, 70, 110, 150 mg/L and Cr(VI) [from K2Cr2O7] at 0, 10, 20, 30, and 40 mg/L. Solutions
containing Cr(III) and Cr(VI) were pH adjusted to 5.0 and 5.3, respectively, with NaOH or HCl
as needed. Concentrations of Cr were selected based on a preliminary experiment designed to
test the tolerance of MPV to Cr(III) and Cr(VI) stress. Jars with experimental plants were set for
two weeks at 25 ± 2 °C, a light/dark cycle of 12/12 h, and irradiation of 53 µmol m-2s-1. The
system was continuously aired using aquarium pump. Plants were harvested after 14 d of
treatment. At harvest, samples of 10 plants/treatment were randomly selected and measured to
determine the effect of treatments on plant elongation. Plants were then washed with 0.01M
HNO3, rinsed with DI, separated into roots, stems, and leaves and oven dried at 60 ºC for 72 h.
Samples were then digested in a CEM microwave oven (CEM MarsX, CEM Corporation,
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Mathews, NC) with 3 mL trace pure HNO3 (SCP Science, NY, USA) and diluted to 25 mL with
double DI. Total Cr, macro, and micronutrient concentrations in roots, stems, and leaves were
determined using an ICP/OES Optima 4300 DV (Perkin Elmer, Shelton, CT).

2.2.2 XAS Studies
The XAS studies were performed in collaboration with Dr. Martha Laura Lopez-Moreno
(University of Puerto Rico at Mayaguez) and Dr. Jason Parsons (University of Texas at Pan
American). Samples for XAS analysis were frozen in liquid nitrogen for 45 min and lyophilized
to remove any free water using a Freezone 4.5 freeze dryer at -45ºC and 70 × 10-3 mbar
(Labconco, Kansas City, MO). The lyophilized samples were ground with mortar and pestle,
loaded in aluminum sample holder with ®Kapton tape, and examined on beam line 7-3 at
Stanford Synchrotron Radiation Laboratories (SSRL, Palo Alto, CA). Spectra of plant samples
and Cr model compounds were collected using the Cr-K edge (E0 5.989 keV). All samples were
run at ambient temperature. The beamline was operated with a Si (111 with a φ0 orientation)
double crystal monochromator, and a 1 × 10 mm slit (which resulted in a resolution of
approximately 1-2 eV). The output was detuned by 30% to reduce higher order harmonics.
Sample spectra were collected in fluorescence mode using a 13 element Canberra Ge detector.
Two to three scans of each sample were collected to improve the signal to noise ratios.
Additionally, a chromium foil [Cr(0)] was used as a calibration standard to determine the correct
edge energy of samples. The foil was placed between the photo flux of the incident beam (I1) and
the photo flux of the transmitted beam (I2) ion chambers and collected simultaneously with each
sample spectra. The model compound Cr(III) acetylacetonate was prepared through the dilution
of the Cr salt in boron nitride via grinding and homogenizing using mortar and pestle.
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2.2.3 XAS Data Analysis
The XAS data were analyzed with the WinXAS software package using standard
methods (Ressler et al, 1998; Parsons et al, 2002). Sample and model compound spectra were
calibrated using a second degree derivative of the internal Cr foil (E0 5.989 keV). Spectra were
then background corrected with a one degree polynomial fitting of the pre-edge region and a
fourth degree polynomial fitting of the post-edge region, and subsequently normalized to one
absorption unit across the edge. The X- ray absorption near edge structure (XANES) spectra was
then extracted from 5.95 to 6.12 keV.
The extended X-ray absorption fine structure (EXAFS) analysis was performed by first
converting spectra of samples and model compounds into k space, or wave vector space (Å-1).
Following the conversion, EXAFS data were extracted using a cubic spline of four knots with a k
weight of three from 2.0 to 12.2 Å-1. Spectra were then Fourier transformed from 2.0 to 12.2 Å-1
and subsequently back transformed to extract the EXAFS of the first three coordination shells.
The back transformed EXAFS were then fitted using calculations from the ab initio multiplescattering code FEFF V8.00 (Parsons et al, 2002). Parameters determined using the FEFF 8.00
calculations were interatomic distances, coordination numbers, Debye-Waller factors, and energy
shifts. Crystallographic inputs used in the FEFF fitting were created using the ATOMS software
and based on crystallographic data from the literature for Cr(III) acetylacetonate (Ankudinov et
al, 1998; Ravel et al, 2001; Morosin et al, 1965).

2.2.4 Statistical Analysis
Data of total Cr, macro, and micronutrient concentrations were analyzed with one-way
analysis of variance (ANOVA) using SPSS software, version 12.0 (SPSS Inc., Chicago, IL).
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Significant differences between treatment means were detected using the Tukey-HSD (honestly
significant difference) test. Any reference to a significant difference between data is based on a
probability of p <0.05, unless otherwise stated.

2.2.5 Indices
Indexes such as translocation factor (TF= Concentration in shoot/ conc. in root),
enrichment coefficient (EC= Concentration in shoot/conc. in medium), and bioconcentration
factor (BCF=Concentration in plant/conc. in medium) were calculated to compare the efficiency
in Cr uptake from Cr(III) and Cr(VI).

2.3 Results and Discussion
2.3.1 Chromium Uptake
At harvest, the amount of biomass (dry weight base) collected for elemental uptake
ranged between 0.05 and 0.10 g. the measured Concentrations of Cr in roots, stems, and leaves
for Cr(III) and Cr(VI)-treated plants are shown in Figures 2.1 A and 2.2 A, respectively. As can
be seen in these figures, in both cases Cr concentration in tissues increased as the external Cr
concentration increased. As reported for other plants, most of the absorbed Cr was kept in roots
(Lytle et al, 1998; Aldrich et al, 2003; Montes-Holguin et al, 2006; Ressler et al, Parsons et al,
2002). The low translocation of Cr from the roots to the leaves has been linked to the
precipitation of Cr as Cr(III) hydroxide in roots (Howe et al, 2003). However, the formation of
Cr(III) hydroxide does not fully explain the results obtained in some studies where XAS have
been used to determine the uptake of Cr. Several researchers have reported that a Cr(III)-organic
acid species is formed in some plant species (Lytle et al, 1998; Aldrich et al, 2003; Montes17

Holguin et al, 2006; Castillo-Michel et al, 2006). These complexes precipitate in vacuoles while
hydroxides are trapped in root cell walls (Liu and Kottke, 2003). A high concentration of an
element on roots with poor translocation to stems and leaves is indicative of non-active transport.
Comparing Cr absorption by plants treated with Cr(III) at 35 mg/L and plants treated with Cr(VI)
at 30 and 40 mg/L, one can see that the BCF and EC were higher in the Cr(III) treated plants, as
shown in Table 2.1. However, in all cases the TF was higher in plants treated with Cr(VI), as
shown in Table 2.1. It is very likely that the reduction process in roots take some time, and the
Cr(VI) anions (e.g. CrO4-2) move faster through the plant transport system than Cr(III), because
Cr(III) interacts with cell walls (Gardea-Torresdey et al, 2005).

2.3.2 Macronutrient Uptake
The absorption of some macronutrients in living plants has been shown to be affected by
both Cr(III) and Cr(VI) (Aldrich, 2003; Gardea-Torresdey, 2005). In this study the
concentrations of Ca, K, Mg, P, and S were determined in tissues of MPV plants treated with
Cr(III) and Cr(VI). Data showed that phosphorus and sulfur were unaffected by the presence of
Cr in the growth media. However, Ca, K, and Mg were differentially affected by Cr(III) and
Cr(VI), as shown in Figure 2.1B-D and Figure 2.2B-C. In plants treated with Cr(III), the
accumulation of Ca in roots and stems was lower compared to plants treated with Cr(VI). In
addition, Cr(III)-treated roots had less Ca than control roots while Cr(VI)-treated roots had more
Ca than control roots. Moreover, The concentration of Ca in the plant roots was higher in all
Cr(VI) treatments when compared to the Ca concentration of the control plant roots. However, in
leaves, all Cr-treated plants had significantly less Ca than control plants (Figure 2.1B and 2.2B).
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Table 2.1 Translocation factor (TF), enrichment coefficient (EC), and bioconcentration factor
(BCF) of chromium in MPV plants treated with Cr(III) and Cr(VI) for 14 days in hydroponics.
Cr(III)

TF

EC

BCF

35 ppm

0.071

24.382

38.899

70 ppm

0.124

39.502

58.285

110 ppm

0.113

21.656

31.778

150 ppm

0.104

19.616

28.921

Cr(VI)

TF

EC

BCF

10 ppm

0.114

24.548

39.793

20 ppm

0.137

20.043

29.843

30 ppm

0.199

22.803

30.078

40 ppm

0.168

15.898

22.272

TF= Concentration in shoot/ conc. in root.
EC= Concentration in shoot/conc. in medium.
BCF=Concentration in plant/conc. in medium.
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Figure 2.1. Concentration of chromium (A), calcium (B), magnesium (C), and potassium (D) in
MPV plants treated for 14 days in hydroponic with varying concentrations of Cr(III). Error bars
represent SE. Letters indicate statistical differences (p<0.05). Uppercase are for roots, lowercase
are for stems and numbers are for leaves.
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Figure 2.2. Concentration of chromium (A), calcium (B), magnesium (C), and potassium (D) in
MPV plants treated for 14 days in hydroponic with varying concentrations of Cr(VI). Error bars
represent SE. Letters indicate statistical differences (p<0.05). Uppercase are for roots, lowercase
are for stems and numbers are for leaves.
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Figure 2.3. Concentration of iron (A and C) and concentration of Zn (B and D) in MPV plants
treated for 14 days in hydroponics with varying concentrations of Cr(III) and Cr(VI),
respectively. Error bars represent SE. Letters indicate statistical differences (p<0.05). Uppercase
are for roots, lowercase are for stems and numbers are for leaves.
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Due to the important role of Ca in the preservation of plant homeostasis, its increase in Cr(VI)treated plants could indicate a detoxification strategy (James and Bartlett, 1984). Similarly, in
the roots of all Cr-treated plants the concentration of Mg decreased compared to control plants
(Figure 2.1C and 2.2C). Additionally, the roots of Cr(VI)-treated plants had more Mg than the
roots of Cr(III)-treated plants. No differences in Mg concentrations were observed in the aerial
parts. The accumulation of K in the roots of all Cr-treated plants was dramatically reduced
compared to the control plants, mainly in Cr(III)-treated plants. The reduction of K accumulation
in the stems and leaves of Cr-treated plants did not follow a clear trend. However, the stems of
plants treated with Cr(VI) accumulated more K than Cr(III)-treated plants, but this difference
was not seen in the leaves. The reduction in K accumulation could be a result of a possible
competition with Cr ions (Ankudinov et al, 1998). A further explanation of the effect of Cr on K
accumulation in roots of MPV may be a simple ion exchange. Cr generally has a higher affinity
to carboxylic acids and sugars than K. The presence of Cr in the nutrient medium may be
displacing K from the root surface.

2.3.3 Micronutrient Uptake
The concentrations of iron (Fe) in plants were shown to be affected greatly by the
presence Cr ions (Figure 2.3). All Cr(III)-treated plants and plants treated with Cr(VI) at 30
mg/L had significantly more Fe in roots than the control plants. However, the plants treated with
Cr(VI) at 10 and 20 mg/L had significantly less Fe compared to control plants. In stems, Cr(III)treated plants and control plants showed similar Fe concentrations, although the stems and leaves
of Cr(VI)-treated plants and only the leaves of Cr(III)-treated plants had significantly less Fe
than control plants (Figure2.3 A and 2.3C). It has been reported that the accumulation of Cr is
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accompanied by the accumulation of Fe (Cary et al, 1997); however, it has also been reported
that Cr(VI) reduces the uptake of the essential elements Fe, K, Mg, Mn, P, and Ca (GardeaTorresdey et al., 2004). Because of their similarity in ionic ratio, Cr(III) replaces Fe(III) in heme
proteins, decreasing their activity (Pandey and Sharma, 2003) which in turn reduces the
accumulation of Fe. In addition, the graphs having to do with Fe accumulation in the roots of
Cr(III)- and Cr(VI)-treated plants presented inverted forms; U form for Cr(III) and inverted U
form for Cr(VI) (Figures 2.3A and 2.3C), which could be a hormetic response (Calabrese and
Baldwin, 2001). This response has also been attributed to the Cr induced oxidative stress and
lipid peroxidation. The absorption of Zn was severely reduced by both Cr ions, but more so by
Cr(III). None of the Cr(III)-treated plants showed Zn in roots, whereas the lowest Zn absorption
was found in plants treated with Cr(VI) at 20 mg/L. There was also a drastic reduction in Zn
concentration in the stems of Cr(III)-treated plants. However, no changes were observed in the
leaves of Cr(III) treated plants, but the leaves of Cr(VI)-treated plants showed an increase in Zn
concentration. This response is contradictory to that which was reported by Sharma and Pant
(1994) in maize (Zea mays), where Cr reduced Zn concentrations in leaves but increased in stems
and roots. It is very likely that precipitation of Cr species on the roots of the MPV plants may
act similar to the Fe and Mn plaques, which inhibit the uptake of nutrients (Liu et al, 2008;
Bishnoi et al, 1993). The precipitation of Cr species or the formation of Cr compounds on the
roots of MPV would also assist in explaining why the translocation of the Cr from roots to stems
was low, as is shown in Figure 2.1A and Figure 2.2A. Additionally, the formation of Cr
coordination compounds outside or within the roots may also affect the uptake of nutrients from
the solution by changing the charge on the surface of plant roots. This would prevent the
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electrostatic attraction between cations and roots, which may result in lower Fe and Zn
concentrations within roots compared to the control plants.

2.3.4 XAS Study
The XANES spectra shown in Figure 2.4 demonstrate that, irrespective of the supplied Cr
form, MPV plant samples contained trivalent Cr. The oxidation state is seen through the edge
position of spectra, which is the same in all samples. Additionally, the pre-edge features shown
in plant samples (including samples treated with Cr(VI)) indicate that Cr(III) bound to six
oxygen ligands, although spectra are slightly distorted for the Cr(VI) shoot samples (the Cr(III)
pre-edge feature located at 5.989 keV is present in the sample, although the low Cr concentration
produces a high amount of scatter). Consequently, the Cr(III) pre-edge feature in Cr(VI)-treated
shoots is not as prominent as that found in the remaining samples. However, additional evidence
supporting the presence of Cr(III) in Cr(VI)-treated shoot samples may be found in the energy of
the photoelectron ejected from the sample, 6.002 keV, identical to that of Cr(III)-treated roots
and shoots, and Cr(VI) root samples. While the low Cr concentration in Cr(VI) shoot samples
precluded their extraction and fitting via EXAFS, there does exist a precedent of Cr(VI) to
Cr(III) reduction in mesquite plants, water hyacinths, and C. arvensis (Lytle et al, 1998; Aldrich
et al, 2003; Montes-Holguin et al, 2006). Additionally, Cr(VI) to Cr(III) reduction has been
shown to occur in inactivated tissues of oat, saltbush, and lechugilla biomass, among others
(Lytle et al, 1998; Aldrich et al, 2003; Montes-Holguin et al, 2006; Castillo-Michel et al, 2006;
Parsons, 2007; , Gardea-Torresdey et al, 2000; Sawalha, 2005; Parsons et al, 2002; Tiemann et
al, 2002; Park et al, 2008).
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Table 2.2 Linear least squared EXAFS fitting results using calculations generated from FEFF
8.00.
Sample

Interaction

CN

R(Å)

σ2 (Å2)

S02

Cr(III) Acetylacetonate

Cr-O

6.0

1.96(3)

0.0022

0.90

Cr-C

6.0

2.79(1)

0.0030

Cr-C

3.0

3.20(3)

0.0093

MS

12

3.27(4)

0.010

Cr-O

6.0

1.98(0)

0.0031

Cr-C

6.0

2.98(6)

0.0056

Cr-O

6.0

1.98(3)

0.0041

Cr-C

6.0

2.94(5)

0.0073

Cr-O

5.9

1.98(3)

0.0049

Cr-C

4.0

2.83(2)

0.0091

Palo Verde Roots treated w Cr(III)

Palo Verde Shoots treated w Cr(III)

Palo Verde Roots treated w Cr(VI)
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0.85

0.82

0.87

Normalized Absorption

2.5
2.0
1.5

Cr(III) Roots Palo Verde Plants

1.0
0.5

2.5

Normalized Absorption

Cr(III) Shoots Palo Verde Plants

A

Cr(VI) Shoots Palo Verde Plants

B

2.0
1.5

Cr(VI) Roots Palo Verde Plants

1.0
0.5

0.0

Normalized Absorption

2.0

C

Potassium Dichromate

1.5

Chromium(III) Acetylacetonate

1.0
0.5

6

6.05
Energy [keV]

6.1

Figure 2.4. XANES spectra of Cr(III) (A) and Cr(VI) (B) samples of MPV plants treated for 14
in hydroponics with trivalent and hexavalent Cr. C. XANES spectra of Cr(III) acetylacetonate
and potassium dichromate model compounds.
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Figure 2.5 shows EXAFS of samples and model compounds, while Table 2.2 presents the
fittings of the EXAFS. The EXAFS of Cr(III)-treated roots and shoots, Figure 2.5, displays a
very similar spectra in regards to both their amplitude and the positions of their oscillations. The
fitting of the root and shoot samples revealed coordination numbers of six oxygen ligands at
approximately 1.98 Å in the first coordination shell, and in the second shell the coordination of
six carbon atoms at approximately 2.90 Å, corroborating the XANES results. This coordination
environment is similar to the first two shells of the Cr(III) acetylacetonate model compound
(Figure 2.4); however, Cr(III)-treated samples are missing both the third shell coordination at
3.20 Å and the multiple scattering at 3.27 Å. The local coordination environment of the Cr(III)
ion in the Cr(III) acetylacetonate model is found in Figure 2.6, showing that the Cr(III) ion is
directly bound to six oxygen ligands in the first shell, six carbon ligands in the second shell, and
three carbons in the third shell, creating a ring structure. However, due to the absence of the
third coordination shell in Cr(III)-treated samples, this ring structure was not observed in the
EXAFS of Cr(III)-treated roots and shoots, although the presence of the second shell of six
carbon atoms at an interatomic distance of 2.80 – 2.90 Å indicates that Cr(III) ion may be
octahedrally bound to small organic acids in roots and shoots of Cr(III) samples. The EXAFS of
Cr(VI)-treated roots are shown in Figure 2.5. The Fourier transformed EXAFS of this sample is
very similar to the EXAFS of Cr(III)-treated plants shown in Figure 2.5. The fitting of Cr(VI)treated plant roots of EXAFS are shown in Table 2.2. The fittings of Cr in MPV roots treated
with Cr(VI) show a coordination of 6 oxygen ligands at approximately 1.98 Å, and an interaction
of 4 carbon atoms at approximately 2.83 Å. The Cr(VI) MPV root sample suggests that Cr is
bound to 4 small organic acids and two water molecules. The results of the EXAFS fittings for
MPV plant roots treated with Cr(VI) corroborate results from the XANES analysis.
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Figure 2.5. Fourier Transform of raw EXAFS of Cr(III) treatment of MPV plants (dotted line)
and the Fourier transform of the fitting of the back transformed EXAFS (solid line) on/in roots
(A) and shoots (B). C. Fourier Transform of raw EXAFS of Cr(VI) treatment in shoots of MPV
plants (dotted line) and the Fourier transform of the fitting of the back transformed EXAFS
(solid line). D. Fourier Transform of raw EXAFS of Cr(III) acetylacetonate model compound
(dotted line) and the Fourier transform of the fitting of the back transformed EXAFS (solid line).
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The octahedral coordination environment for Cr(III) in live plants has been previously
observed in mesquite and water hyacinth. These plants, mesquite and water hyacinth, exhibit a
very similar first-shell coordination to MPV plants, which possess a Cr-Oxygen interaction
distance ranging from 1.95 to 2.0 Å (Aldrich et al, 2003; Montes-Holguin et al, 2006). In
mesquite plants, Cr(III) and Cr(VI) were found to have octahedral arrangements of oxygen
ligands in the first shell at an interatomic distance of 1.98 to 2.0 Å, nearly identical to the results
of MPV plant, although the interatomic distance of the second shell of Cr-C interaction was
determined to be at 3.41 Å, a greater distance than the second shell of the MPV, approximately
2.90 Å. However, water hyacinth plants showed a second shell coordination at an interatomic
distance of approximately 2.7 Å, slightly shorter than in MPV, and a third shell coordination at
approximately 3.8 Å, although the data were not fitted with EXAFS (Lytle et al, 1998). The
authors of that study suggested that this coordination was indicative of Cr being bound by some
type of oxalate ligand, which is the oxalic acid base (Lytle et al, 1998). In the present study, the
EXAFS oscillations allowed only the fitting of the second shell of six carbons, and it is possible
that there exists a third shell not determined by EXAFS due to concentration effects.
The results in this study show a strong similarity to other studies depicting a partial or
complete reduction of Cr(VI) to Cr(III), with Cr ions exhibiting a first shell coordination of six
oxygen ligands. Chromium uptake studies on C. arvensis produced XANES spectra fully
demonstrating the reduction of Cr(VI) to Cr(III) (Aldrich et al, 2003). Additional evidence may
be found by examining the XANES spectra of C. arvensis, which shows the presence of the
Cr(III) pre-edge feature, found only when Cr(III) is bound to six oxygen ligands (Aldrich et al,
2003). The results obtained from MPV plants are strikingly similar to the results obtained in
numerous live-plant/Cr interactions, where the octahedral coordination of Cr ions was observed,
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coupled with the reduction of Cr(VI) to Cr(III) in the roots, and the subsequent presence of only
Cr(III) in the aerial portion of the plants.

C

Cr-C 2.80 Å
C

Cr-C 3.20Å
O

Cr-O 1.96 Å

Cr

Figure 2.6. Graphical representation of the local coordination environment of Cr(III) ions in the
Cr(III) acetlyacetonate model compound

2.4 Conclusions
The uptake of Cr by MPV plants closely matches the results of Cr uptake in other plant
species. The Cr ion is found in an octahedral conformation bound to six oxygen atoms, with an
absence of Cr(VI) in the shoots and leaves due to the reduction of Cr(III) in the roots. The study
of MPV grown in hydroponic demonstrates that Cr(III) fails to impart toxicity, e.g. necrosis
and/or chlorosis to plants with Cr(III) levels up to 150 mg/L. However, the presence of Cr(III)
significantly reduced overall plant growth. On the other hand, Cr(VI)-treated plants in
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concentrations up to 40 mg/L showed significant signs of toxicity and decreased plant growth, in
comparison to Cr(III) treated plants.
With regards to macro- and micronutrient accumulation, while it’s apparent the presence
of Cr has a significant effect on the uptake and distribution of most of the metal ions examined,
the data are not fully clear. Interactions between Cr and macro- and micronutrient ions examined
in this study may be based on a variety of sources, including their physicochemical properties,
charge, or their effective ionic or metal radii, possibly leading to a complex formation between
Cr and the metal ions. Cr/plant interactions may alter plant metabolism, thereby affecting uptake
of metal ions (Zayed et al., 1998). Alternatively, Cr may simply compete with metal ions for
uptake. Whether the changes observed are due to a single mechanism or a combination of
mechanisms, given the complex relationships observed, it remains unknown. Further studies
investigating the mechanism of Cr/plant and Cr/metal ion interactions are necessary before the
potential of Cr phytoremediation by MPV is fully understood. Studies currently performed in soil
will shed more light on this potential.

The material of this chapter was published as:
Zhao, Y., Parsons, J.G., Lopez-Moreno, M.L., Peralta-Videa, J.R., and Gardea-Torresdey, J.L.
2009. Use of synchrotron- and plasma-based spectroscopic techniques to determine the uptake
and biotransformation of chromium(III) and chromium(VI) by Parkinsonia aculeata.
Metallomics 1, 330-338.
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Chapter 3: Use of plasma-based spectroscopy and infrared microspectroscopy
techniques to determine the uptake and effects of chromium(III) and
chromium(VI) on Parkinsonia aculeata
Abstract
Chromium uptake and tolerance by Mexican Palo Verde (Parkinsonia aculeata) (MPV)
was studied in a six month experiment with Cr(III) and Cr(VI) at 60 and 10 mg kg-1,
respectively. Chromium and nutrient uptake were determined by ICP-OES and changes in
macromolecules were studied by infrared microspectroscopy (IMS). In the Cr(VI)-treated plants,
chromium concentration increased in the roots only through the third month, while translocation
to stems increased constantly throughout the six months. Cr(III) applications decreased the
amount of Zn in leaves and stems (p ≤ 0.05). Cr(VI) increased P and S in all plant tissues and
increased Ca in roots, but decreased Ca in stems and leaves, and Mg in roots and stems. Cr(III)
decreased P in stems and leaves, while both Cr ions decreased K in all MPV tissues. Relative to
untreated plant tissue, the IMS revealed significant changes at 1730 cm-1 and 845 cm-1. Changes
at 1730 cm-1 indicated that the cortex and xylem of Cr-treated plants were more proteinaceous.
Changes at 845 cm-1 revealed higher lignifications in cortex. However, at the stem level, Cr(VI)
decreased lignin deposition in xylem. The data showed that MPV could be useful in the
phytoremediation of Cr in moderately impacted soils.

3.1 Introduction
The extensive use of chromium in industrial processes and wood preserving has increased
its environmental concentration. Chromium now ranks as the second most prevalent metal at
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sites for which Records of Decision have been signed (Dube et al., 2003; EPA, 2000). While Cr
exists in various valence states, the most stable forms are metallic, Cr(0); trivalent, Cr(III); and
hexavalent, Cr(VI). At trace concentrations Cr(III) is essential for animal health, but its function
in plants is unknown. Conversely, Cr(VI) is acutely toxic, carcinogenic, and exhibits high
solubility and strong oxidizing activity. Cr(VI) is considered an important controlled
contaminant by most countries (Kotas and Stasicka, 2000; Samantaray et al., 1998; Dong and
Wu, 2007; Palmer and Puls, 1994).
Phytoremediation is a harmless and environmentally friendly technique in which plants
are used to remove toxic substances from areas containing low or medium levels of contaminants
(Gardea-Torresdey et al., 2003; Fischerova et al., 2006). Phytoremediation has attracted the
interest of both governments and enterprises as a cost-effective and green process that may find
application in decontaminating areas with toxic Cr concentrations (López et al., 2007). A number
of plants have been studied for Cr uptake. Reports indicate that Prosopis sp., Typha angustifolia,
and Convolvulus arvensis have shown high tolerance to Cr (Haque et al., 2009; Dong and Wu,
2007; Gardea-Torresdey et al., 2004). In addition, Leersia hexandra Swartz has been reported as
a new Cr hyperaccumulator (Zhang et al., 2007), while Salsola kali has been reported as a
potential Cr hyperaccumulator (De la Rosa et al., 2007). Other plants such as cabbage and
chlorella also showed the ability to uptake Cr (Hörcsik et al., 2006; Pandey and Sharma, 2003).
Moreover, reports indicate that Prosopis and C. arvensis tolerate, uptake, and reduce Cr(VI) to
the less toxic Cr(III) (Aldrich et al., 2003; Montes-Holguin et al., 2006). Prosopis is currently
growing in a phytoremediation project at a copper mine tailings site in Arizona, USA (Haque et
al., 2009).
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Many researchers have investigated the interference that Cr produces in the uptake and
accumulation of inorganic nutrients in plants. For example, in a review about Cr toxicity,
Cervantes et al. (2001) reported that generally Cr reduces the uptake nutrients in several plants.
Moral et al. (1995) found that in tomato plants, Cr affected the concentration of N, P, K, Na, Ca,
and Mg. In a more recent article, Arias et al. (2010) reported that Cr increased the concentration
of P, Fe, Cu, and Mn in the desert plant mesquite (Prosopis sp.). Shanker et al. (2005) suggested
that Cr reduces nutrient uptake because it inhibits the activity of the plasma membrane H+
ATPase.
Recently, infrared microspectroscopy (IMS) has been used to study plant growth and
development in the molecular level. The combination of a microscope system with FTIR
spectroscopy allows the study of the micro-structural change in the plant macromolecules.
Dokken et al. (2005; 2007) used IMS to demonstrate the change in cellulose, lignin, and proteins
in sunflower (Helianthus annuus) and maize (Zea mays) caused by organic contaminants. In the
present research, it is hypothesized that changes in specific infrared bands will provide a means
of distinguishing changes imposed by Cr treatments.
Parkinsonia aculeata (Fabaceae) is native to the southwestern United States and northern
Mexico, where it is commonly named as the Mexican Palo Verde (MPV). MPV grows in
diverse climates (from arid to monsoon-tropics) and in uplands or wetlands. MPV has a
moderate growth rate but can be invasive in washes and plains with deep soil (van Klinken and
Flack, 2005). A previous report indicated that MPV reduces Cr(VI) to the less toxic Cr(III)
(Zhao et al., 2009); however, there were no reports on the impact of Cr species on MPV growth
and its macromolecular components. In this study, MPV was grown in Cr(III)- and Cr(VI)contaminated soil for a 180 day growth period. One of the objectives of this study was to
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determine the effects of both Cr ions on the seedlings’ vigor at an early critical stage in MPV
development. Biomass production and plant height were measured in control and Cr-treated
plants. In addition, infrared microspectroscopy was employed to analyze tissue changes on
Cr(III) and Cr(VI) treated plants.

3.2 Methodology
3.2.1 Seed and Soil Treatment
Naturally occurring seeds in MPV (Parkinsonia aculeata) were collected near El Paso,
TX, USA, from an area with no reports of Cr contamination and a low likelihood to have
unnatural chromium exposure. All seeds were immersed in concentrated sulfuric acid (BDH,
Aristar, West Chester, PA) for 3 h, rinsed with deionized water (DI), and immersed in DI for 24
h. Seeds were sown in top soil from El Paso that was previously dried for 48 h at 60 °C (Fisher
Scientific Isotemp Oven, Pittsburgh, PA) and sieved through a 2 mm mesh. The soil texture was
characterized as sandy with a low percentage of silt and free of metal contamination. Soil physiochemical properties are described in Table 3.1 (Rodríguez, 2006).
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Table 3.1 The physio-chemical properties of the soil used in this research. Superscript numbers
in the table stand for the test method.
Parameter
Water holding capacity 1

Units

Value

mL kg−1

110

Texture 2

Loamy sand

Sand

%

82.59

Silt

%

16.59

Clay

%

0.81

Organic matter 3

%

0.36

pH 4

7.9±0.1

Total nitrogen 5

mg kg−1

200.6

NH4+ nitrogen 6

mg kg−1

2.89

NO3− nitrogen 6

mg kg−1

7.22

Phosphorous 7

mg kg−1

13.42

Total potassium 8

mg kg−1

1537

Total sulfur 8

mg kg−1

26

Total calcium 8

mg kg−1

4728

Total magnesium 8

mg kg−1

432

Total manganese 8

mg kg−1

121

Total copper 8

mg kg−1

15

Total zinc 8

mg kg−1

Not detected

Total iron 8

mg kg−1

8372

Total chromium 8

mg kg−1

Not detected

1

Oven-dry (Klute 1986), 2Bouyoucos, 3Rapid dichromate oxidation, 4pH meter, 5Macro-Kjeldahl,

6

Steam-distillation, 7Olsen-Bray, and 8ICP-OES.
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3.2.2 Effect of Cr(III) and Cr(VI) Concentrations on Mexican Palo Verde Growth
This research was performed in two stages. Firstly, a screening experiment was done to
determine at what concentrations of Cr(III) and Cr(VI) the MPV could grow and uptake Cr from
soil without hampering plant growth. For this experiment, general purpose plastic pots were
filled with 400 g of clean soil and watered with 90 mL of DI containing Cr(III) [from Cr(NO3)3]
at 20, 40, 60, and 80 mg L-1 (pH 5.0 ± 0.1) or Cr(VI) [from K2CrO4)] at 5, 10, 20, 30, and 40 mg
L-1 (pH 5.3 ± 0.1). Soil treated with Cr(III) was allowed to come to equilibrium for 15 days
before seed planting. When Cr(III) ions are added to the soil, the adsorption constant (Kad) slow
down at 15 days while the complexation constant (Kc) decrease from the beginning to the 10th
day, remaining nearly constant thereafter (Akio and Earnest, 1996). Cr(VI)-treated soil was used
on the day of preparation since Cr(VI) is swiftly reduced to Cr(III) in the environment (Lan et
al., 2007). All treatments (including controls with no Cr treatment) were prepared in triplicate.
Each pot was planted with 10 MPV seeds and watered with a modified Hoagland nutrient
solution (Peralta et al., 2001). After sowing, the pots were set in an environment of 25 ± 2 °C, a
light/dark cycle of 12/12 h, irradiance of 53 µmol m-2s-1, and watered daily with 20 mL of DI.
Plants were observed for 30 days, harvested, and analyzed for Cr concentration in tissues.
Changes on seed germination, chlorosis, and necrosis were recorded in all treatments. To
determine the effect of treatments on plant vigor, as reflected by plant height (Short and
Woolfolk, 1956), at harvest, 8 plants per treatment were randomly selected and measured for
analytes from the main root apex to the crown, and from the crown to the main shoot apex.
For the second stage, pots were filled with 1800 g of clean soil and artificially
contaminated to contain 60 mg kg-1 of Cr(III) or 10 mg kg-1 of Cr(VI). As in the first stage, soil
containing Cr(III) sat 15 days before seed planting. Forty MPV seeds were sown in each pot and
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watered every day with 90 mL of DI. At planting, each pot was watered with the modified
Hoagland solution and set at the same environmental conditions described above. Plants were
harvested at 30, 60, 90, and 180 days and analyzed for Cr, micro, and macro nutrient
concentration. Samples were analyzed using infrared microspectroscopy (see details below) to
determine changes in macromolecules.

3.2.3 Chromium, Macro, and Micronutrients Uptake
At harvest, plants were immersed for about 10 seconds in 0.01 M trace pure HNO3 (SCP
Science, NY, USA), rinsed with DI, separated into roots, stems, and leaves, and oven dried at 60
ºC for 72 h. After weighing, the dry samples were digested in a CEM microwave oven (CEM
MarsX, Mathews, NC, USA) with 3 mL trace pure HNO3 and diluted to 25 mL with double DI.
Total Cr, macro, and micronutrient concentrations in the digest were determined by using
inductively coupled plasma-optical emission spectroscopy (ICP-OES, Optima 4300 DV; Perkin
Elmer, Shelton, CT). The operation parameters of the ICP-OES were: nebulizer flow, 0.65 L
min−1; peristaltic pump flow, 1.50 mL min−1; flush time, 15 s; delay time, 15 s; replicates, 3;
wash time, 30s; argon gas flow, 15 mL h-1; and radiofrequency power, 1500 W.

3.2.4 Infrared Microspectroscopy (IMS) Analysis
For the IMS analysis, one plant/treatment was randomly selected and harvested upon day
60 of the growth period. Plants were washed with trace pure 0.01M HNO3, rinsed with DI,
separated into roots and stems, and cryosectioned by using a Minotome PlusTM (Triangle
Biomedical Sciences, Durham, NC, USA). The root and stem samples were dissected in about 3
mm length pieces, and were then frozen onto specimen blocks enclosed by Tissue Tek (Sakura
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Finetek, Torrance, CA) at -40 °C. Roots and stems were cut, and slices were prepared at -20 °C.
The 4 µm thick frozen slices were thaw-mounted onto low-e microscope slides (Kevley
Technologies, Indianapolis, IN). The slides were then stored at room temperature for FTIR
microscope analysis.
The Perkin Elmer Spotlight 300 Microscope System (FTIR Microscope (Perkin Elmer)
coupled to the FTIR spectrometer 100, Perkin Elmer, Shelton, CT, USA) allows the infrared
beam to be focused on the specific areas of the sample. A duet detector using single element
microscopy and array imaging was used, covering a range of 4000 cm-1 to 700 cm-1 with the
signal-to-noise ratio of 12,000:1. During the experiment, a spot on the sample surface was
chosen to perform the focusing and energy check. The sample’s visible image was collected in
image mode at the resolution of 4 cm-1 with 120 scans. Different scan sizes were chosen
depending on the sample size (e.g. 1000 µm×1000 µm or 2000 µm ×2000 µm). After the
procedure of acquiring the visible image was completed, a box was made to select the analyzing
area at the resolution of 4 cm-1 with 16 scans, and the total reflection spectrum was run for the
selected area. Nitrogen flow was maintained in the microscope in order to minimize absorption
of CO2 and H2O vapor from the ambient air.

3.2.5 Statistical Analysis
Data of total Cr, macro- and micro-nutrient concentrations were analyzed with one-way
analysis of variance (ANOVA) using SPSS software, version 12.0 (SPSS, Chicago, IL).
Significant differences between treatments were detected using the Tukey-HSD (honestly
significant difference) test. References to significant differences between treatment means were
based on a probability of p <0.05 unless otherwise stated.
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3.3 Results and Discussion
3.3.1 Effect of Cr(III) and Cr(VI) on MPV Germination and Growth in a 1-month Period
The effects of Cr(III) and Cr(VI) concentrations at the very early growth stage of MPV
are shown in Figure 3.1. Cr(III) treatments significantly reduced shoot growth but did not affect
root elongation (Figure 3.1A). However, MPV did not show toxicity symptoms such as necrosis
and chlorosis to Cr(III) treatments. Moreover, the MPV germination rate was reduced to 30% in
soil treated with Cr(III) at 80 mg L-1. On the other hand, MPV exhibited necrosis, chlorosis, and
growth reduction at all Cr(VI) concentrations. At 20 mg L-1 of Cr(VI), plant growth was badly
reduced and the germination rate was only 25%. The MPV germination was arrested when the
concentration of Cr(VI) in soil reached 40 mg L-1.
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Figure 3.1. Average length of roots (

b

) and shoots (

a

a

) of 8 MPV plants grown for 30 days

in soil treated with (A) chromium(III) at 20, 40, 60, and 80 mg kg-1, and (B) chromium(VI) at 5,
10, 20, and 30 mg kg-1. Error bars in A and B represent SE of three replicates. Lowercase letters
stand for significant differences at p<0.05.

3.3.2 Chromium Uptake from Cr(III) and (VI) on MPV in a 6-month Growth Period
For the second experiment, Cr(III) was used at 60 mg kg-1 soil and Cr(VI) at 10 mg kg-1.
These concentrations were selected because the first experiment showed clear evidence of Cr
uptake and translocation at these concentrations, without severely hampering the growth of MPV
plants. The uptake data for the 30, 60, 90, and 180 days are shown in Figure 3.2. As seen in this
figure, in both cases total Cr concentration was higher in roots and lower in leaves. Results
showed that in MPV, as in other plant species, most of the absorbed Cr is stored in roots (Aldrich
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et al., 2003; Montes-Holguin et al., 2006; Parsons et al., 2002). This could be explained by the
precipitation of Cr as a hydroxide species or that the formation of Cr organic complexes in/on
roots is blocking its translocation from roots to above-ground plant parts (Liu and Kottke, 2003;
Aldrich et al., 2003; Montes-Holguin et al., 2006). In Cr(III)-treated plants (Figure 3.2A), total
Cr concentration in roots (AI) was numerically higher in the 1st month and then remained
constant through the six month period. However, translocation to stems (AII) showed slight
increases throughout the growth period, with the 6th month being significantly higher (p ≤ 0.05),
compared to the first and second. On the other hand, total Cr in roots (BI) of Cr(VI)-treated
plants increased up through the third month while the translocation to stems continued to
increase over the entire six month period (BII). However, there is no significant difference were
observed in leaves (Figure 3.2 AIII, BIII). It has been reported that Cr(III) tends to bind to
cation-exchange sites on cell walls (Liu et al., 2009), while Cr(VI) anions (e.g. CrO42-) move
faster within the transport system (Zhao et al., 2009), which could explain the higher
translocation of Cr from Cr(VI) treatment. Although the Cr uptake at root level seemed to be
stabilized after 1 month in the case of Cr(III) and 3 months in the case of Cr(VI), the
translocation to stems was constant over the six months, which suggests that the Cr
phytoremediation potential of MPV rests in its capacity to store Cr in cortex, as explained later
on in this chapter.
The concentrations of Cr(III) and Cr(VI) used in this study differentially affected the
vigor of MPV seedlings. In Cr(III) treatment, at the end of the 1st month, the total length of
seedlings was 18 cm and the total dry biomass was 0.059 g per plant (a decrease of 9.1% and
16.9%, respectively, compared to the control). After 6 months the length was 31.5 cm and the
dry biomass was 0.146 g (a decrease of 16.7% and 27.4%, respectively). For the Cr(VI)
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treatment, at the end of the 1st month the length was 6.9 cm and the biomass was 0.0314 g (a
decrease of 65.2% and 55.8%, respectively). After 6 months the length was 12 cm and the
biomass was 0.0673 g (a decrease of 68.3% and 66.5%, respectively). The data clearly showed
that MPV was slightly affected by Cr(III) but strongly affected by Cr(VI). However, even under
the Cr(VI) stress, compared with the 1st month, the plants doubled the size and biomass
production after 6 months of growth with a constant Cr accumulation in stems. This suggests that
MPV is a potential candidate for the phytoremediation of Cr.
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Figure 3.2. Total Cr concentrations in roots (I), stems (II), and leaves (III) of MPV plants grown
for 180 days in soil treated with 60 mg kg-1 Cr(III) (A) and10 mg kg-1 Cr(VI) (B). Error bars
represent SE of three replicates. Lowercase letters stand for significant differences between
plant growth periods at p < 0.05.
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3.3.3 Micro and Macronutrients Uptake
The nutrient uptake by MPV through a six month growth period is shown in Table 3.2.
One-way ANOVA was performed separately for each tissue data of the Cr(III) and Cr(VI)
treatments. As seen in Table 3.2, Fe and Zn were the only two micronutrients greatly affected by
Cr(III) treatments. In all control tissues and for Cr(III)-treated plants, Fe accumulation for the
first month was statistically higher compared to the other months. While Cr(VI)-treated plants
had similar Fe accumulation in all tissues through the six month growth period, except for the 3rd
month where Fe in stems was significantly higher compared to the other months. The inhibition
of Fe accumulation in Cr(III) treatment could be attributed to Cr and Fe competition (Barbosa et
al., 2007). It has been reported that Cr(III) can substitute Fe(III)-carrying proteins which very
likely restricted Fe accumulation in MPV (Zou et al., 2006). The fact that Fe levels in leaves
were not affected by Cr could be explained by the low translocation of Cr. However, the
relationship between Fe concentrations in tissues under Cr(VI) treatments is intriguing and needs
more study. Zinc accumulation in Cr(III)- and Cr(VI)-treated plants did not show a definite
trend; however, in Cr(III)-treated stems and leaves, there was a time-dependent reduction trend.
In stems and leaves the concentration of Zn was about 60% lower by the 6th month, compared to
the first month (p ≤ 0.05).
Macronutrient concentrations in MPV tissues varied with growth time and Cr treatment.
For instance, in control roots K, P, S, and Mg concentration decreased after the first month of
growth, while Ca increased by the sixth month. Compared to control, Cr(VI)-treated roots had
more P, Ca, and S but less K and Mg, while Cr(III) treated roots had less K, P, and Mg for the
first month of growth. However, by the third and sixth month, Mg concentration increased. It is
hypothesized that MPV plants increased Mg uptake, which plays a key role in the activation of
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enzymes involved in respiration, to compensate for the stress imposed by Cr(VI) (Taiz and
Zeiger, 1998; Arias et al., 2010). It has also been determined that the nutrient uptake capacity of
roots decreases as roots age, due to suberization of the root surface area (Taiz and Zeiger, 1998).
Several reports have shown that Cr(III) and Cr(VI) increase or reduce macroelement
concentrations in different plants (Zou et al., 2006; Barbosa et al., 2007; Rai et al., 2007).
Changes in MPV macroelement concentrations varied with the Cr ion and the macronutrient. For
instance, Cr(VI) increased P and S in all plant tissues and Ca in roots, but reduced Ca in stems
and leaves, and Mg in roots and stems. Cr(III) reduced P in stems and leaves and practically did
not affect Ca and S, while both Cr ions reduced K in all MPV tissues. In other plants like
Prosopis juliflora-velutina Cr(VI) increased amylase activity, which is an indication of energy
stress (Arias et al., 2010). On the other hand, Ca has been involved as a second messenger for
plant responses to environmental signals (Taiz and Zeiger, 1998). This could explain the increase
of Ca concentration in Cr(VI)-stressed plants. In addition, Cr(VI) ions compete with S and P for
the same co-transporter (Crawford et al., 2000); however, at the same time chromate induces
gene encoding for sulfate transporters (Brown et al., 2006) . This could explain the increase of S
and P concentration in Cr(VI)-stressed plants. Interactions between Cr and nutrients are probably
based on a variety of factors, including their physicochemical properties, charge, and effective
ionic or metal radii.
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Table 3.2 Macro and microelement concentrations in roots, stems, and leaves of MPV plants
grown for 180 days on Cr(III) and (VI) contaminated soil. Chromium(III) was at 60 mg kg-1 and
Cr(VI) at 10 mg kg-1. Results are means ± SE of three samples. Subscript letters indicate
statistical differences between treatments (p<0.05).

Cr (III)
Cr (III)
Cr (III)
Cr (VI)

Leaves

Control

Cr (VI)

Stems

Control

Cr (VI)

Roots

Control

Metal Concentration (mg/kg DW)
K

P

Ca

S

Mg

Fe

Zn

1st M

25581 ± 359c

2308 ± 425b

2134 ± 211b

1324 ± 29c

4686 ±215 b

2285±325b

9.0 ± 1.1a

2nd M

12954 ± 402b

1186 ± 95a

1132 ± 319a

714 ± 67b

2973 ± 243a

1079± 187a

8.1 ± 1.5a

3rd M

11581 ± 834b

884 ± 53a

2073 ± 169b

484 ± 41a

2570 ± 254a

446 ± 42a

5.3 ± 0.6a

6th M

8661 ± 612a

1187 ± 43a

3144 ± 75c

521 ± 52a

2787 ± 251a

384 ± 60a

17.9 ± 1.0b

1st M

8987 ± 1226b

1650 ± 12b

1864 ± 109a

1352 ± 64b

2230 ± 132a

2043 ± 197b

8 ± 0.9

2nd M

9426 ± 474b

940 ± 81a

1598 ± 257a

940 ± 99ab

3107 ± 107ab

810 ± 8a

2.4 ± 3.2

3rd M

9152 ± 1043b

879 ± 151a

3044 ± 260b

847 ± 112a

3526 ± 337b

733 ± 70a

11.3 ± 5.0

6th M

6704 ± 196a

826 ± 112a

3276 ± 604b

729 ± 104a

3428 ± 146b

567 ± 93a

11.0 ± 1.0

1st M

8636 ± 1576b

5015 ± 227c

4958 ± 1296a

2084 ± 40b

1323 ± 34a

1182 ± 184

9.7 ± 3.6

2nd M

9184 ± 722b

3730 ± 109b

5665 ± 470a

1919 ±59ab

1513 ± 147 a

1136 ± 104

12.2 ± 2.0

3rd M

6943 ± 270b

3233 ± 165b

10094 ± 458b

1927 ± 70ab

2115 ± 119b

1474 ± 302

8.4 ± 0.5

6th M

5776 ± 365a

2484 ± 116a

10371 ± 2490b

1692 ± 66a

2782 ± 105c

1345 ± 159

12.3 ± 0.9

1st M

19235 ± 720d

4823 ± 598b

9828 ± 653b

1299 ± 44c

3602 ± 342b

556 ± 139b

37 ± 4.1b

2nd M

11130 ± 356c

1928 ± 220a

6267 ± 480a

681 ± 42b

2007 ± 252a

280 ± 71ab

19.0 ± 0.7a

3rd M

8288 ± 654b

1452 ± 170a

6266 ± 231a

562 ± 17ab

1467 ± 36a

104 ± 23a

16.4 ± 2.7a

6th M

7097 ± 286a

1556 ± 85a

4773 ± 195a

512 ± 19a

1664 ± 30a

144 ± 16a

43.2 ± 3.8b

1st M

13352 ± 357b

3991 ± 398b

8154 ± 79b

1119 ± 21c

2987 ±241 b

318 ± 44b

30.9 ± 4.2b

2nd M

4942 ± 132a

1066 ± 192a

6333 ± 939ab

651 ± 17b

1609 ± 117a

140 ± 49a

12.9 ± 3.0a

3rd M

4938 ± 678a

1068 ± 239a

6089 ± 226ab

627 ± 32ab

1851 ± 101a

157 ± 42a

13.9 ± 4.0a

6th M

2950 ± 812a

715 ± 28a

5224 ± 374a

537 ± 17a

1947 ± 76a

189 ± 54a

10.3 ± 1.7a

1st M

9601 ± 1247c

6868 ± 553b

2648 ± 291a

1564 ± 69

1620 ± 107a

215 ± 14a

39.6 ± 4.7

2nd M

7966 ± 702bc

6227 ± 472b

5448 ± 635ab

1714 ± 67

1797 ± 182a

496 ± 110a

36.7 ± 3.2

3rd M

5957 ± 292ab

5544 ± 255b

7412 ± 1201b

1625 ± 450

1923 ± 149ab

749 ± 165b

40.0 ± 3.5

6th M

2902 ± 208a

3483 ± 237a

6575 ± 1466ab

1368 ± 50

2501 ± 72b

508 ± 140a

41.9 ± 2.2

1st M

21395± 189d

4569 ± 206b

20612 ± 122

2894 ± 164b

3095 ± 219

171 ± 6b

43 ± 6.1b

2nd M

14889 ± 274c

2902 ± 201a

17048 ± 1930

1473 ± 164a

2955 ± 308

61 ± 10a

20.5 ± 2.8ab

3rd M

12232 ± 192b

2506 ± 132a

18386 ± 1566

1345 ± 223a

2461 ± 56

54 ± 12a

18.9 ± 1.5a

6th M

5412 ± 204a

2887 ± 175a

17870 ± 3335

878 ± 116a

3269 ± 400

76 ± 19a

37.1±8.1ab

1st M

15159 ±328c

3603 ± 206b

18757 ± 496

2173 ± 67c

3076 ± 112

86 ± 11b

34.1 ± 2.9b

2nd M

6823 ± 127b

2542±189ab

17544 ± 1659

1354 ± 56b

2859 ± 211

53 ± 7a

20.0 ± 1.9a

3rd M

5960 ± 392b

2436±550ab

18852 ± 1878

1475±218b

3164 ± 170

67 ± 12a

19.2 ± 3.2a

6th M

2052 ± 49a

1236 ± 92a

17889 ± 3067

779 ± 71a

3836 ± 718

48 ± 5a

16.3 ± 0.8a

1st M

9053 ± 257c

6832 ± 421b

4971 ± 507a

3429±146b

2782 ± 219

89 ± 12ab

53.8 ± 4.5

2nd M

8118 ± 258c

5986 ± 614b

6033 ± 102ab

3051±184b

2893 ± 212

85 ± 8ab

51.1 ± 5.9

3rd M

6141 ± 340b

6033 ± 134b

8149 ± 392bc

3178±134b

2990 ± 67

126 ± 14b

49.6 ± 3.1

6th M

4054 ± 130a

3750 ± 294a

9368 ± 772c

1845 ±266a

2681 ± 132

79 ± 4a

53.3 ± 9.5
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3.3.4 Infrared Microspectroscopy Results
Figures 3.3 and 3.4 show visible images and total absorbance area maps of roots and
stems of MPV grown for 60 days under Cr(III) and Cr(VI) treatments. Two different scan sizes,
1000 µm×1000 µm or 2000 µm ×2000 µm, were chosen depending on the sample size.
Figure 3.3 shows the visible image of an MPV root cross-section at the location
approximately 5 mm below the crown. As seen in Figure 3.3A, at 60 days MPV plants had
formed the typical xylem ring surrounding pith tissue. The vascular tissue of the control plant
showed regular shape (Figure 3.3A), and the tissue appeared looser than the Cr(III) and Cr(VI)treated plant (Figures 3.3B and 3.3C). The cross section of the Cr(VI)-treated root was bigger
and the vascular tissue was the most compact compared to control and Cr(III)-treated plants (Fig
3.3C). Figures 3.4 (A, B, and C) show the stem cross-section of control and Cr-treated plants at
approximately 5 mm above the crown. As seen in these figures, stems and roots had similar
structures. According to Samantaray et al. (1998), increased concentrations of Cr produce a more
dense and compact root system and enhances suberization in plants.
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Figure 3.3. Visible and total absorbance images of Mexican Palo Verde root cross-sections at
approximately 5 mm below the crown. The red-lined rectangles on the visible image represent
the studied area, the red color represents high intensity and the blue color little or no intensity for
the total absorbance maps. A. Visible image of control root cross-section with scan size at 1000
µm × 1000 µm. A’. Total absorbance images of studied area of control root cross-section. B.
Visible image of Cr(III) (60 mg kg-1) root cross-section with scan size at 2000 µm × 2000 µm.
B’. Total absorbance images of studied area of Cr(III) root cross-section. C. Visible image of
Cr(VI) (10 mg kg-1) root cross-section with scan size at 2000 µm × 2000 µm. C’. Total
absorbance images of studied area of Cr(VI) root cross-section.
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Figure 3.4. Visible and total absorbance images of Mexican Palo Verde stem cross-sections at
approximately 5 mm above the crown. The red-lined rectangles on the represent the studied area,
the red color represents high intensity and the blue color little or no intensity for the total
absorbance maps. A. Visible image of control stem cross-section with scan size at 2000 µm ×
2000 µm. A’. Total absorbance images of studied area of control stem cross-section. B. Visible
image of Cr(III) (60 mg kg-1) stem cross-section with scan size at 2000 µm × 2000 µm. B’.
Total absorbance images of studied area of Cr(III) stem cross-section. C. Visible image of
Cr(VI) (10 mg kg-1) stem cross-section with scan size at 2000 µm × 2000 µm. C’ Total
absorbance images of studied area of Cr(VI) stem cross-section.
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Figure 3.5. Infrared spectra of the cortex section of control (#1), chromium(III) (#2), and Cr(VI)
(#3) of MPV roots (A) and stems (B). Each spectrum is an average of 15 spectra. Spectra are
arbitrarily offset for ease of presentation.
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Figure 3.6. Infrared spectra of the xylem section of control (#1), chromium(III) (#2), and Cr(VI)
(#3) of MPV roots (A) and stems (B). Each spectrum is an average of 15 spectra. Spectra are
arbitrarily offset for ease of presentation.

52

The FTIR spectra of MPV root and stem tissues are displayed in Figures 3.5 and 3.6,
respectively. The total absorbance spectra were taken in image mode and displayed as a series of
IR spectra obtained at each pixel spot of the image mapped. Fifteen replicated spots were chosen
from the cortex or xylem section of root and stem samples, then individual absorbance data were
averaged to represent the spectrum of the section of interest.
Figure 3.5 showed the cortex spectra of roots (Fig. 3.5A) and stems (Fig. 3.5B) under
control (#1), Cr(III) (#2), and Cr(VI) (#3) treatments. Spectra of root and stem cortex showed
similar results. As observed in Figure 3.5A, main changes were observed in Cr-treated roots at
around 1730 cm-1 and 845 cm-1. Also, extra peaks around 2850 cm-1 were registered on Cr(VI)treated plants. IR peaks have been associated with carbonyl stretches of carboxyl and phenolic
esters (1740 cm-1 to 1720 cm-1), aromatic rings (845 cm-1), and lipids (3000 cm-1 and 2800 cm-1),
which corresponds to asymmetric and symmetric stretches of CH3 and CH2 (Dokken and Davis,
2007; Dokken et al., 2005; Yu et al., 2005). Lignin is a major component of vascular plants; it is
the main binding agent for cellulose and is usually located on cell walls (Rogers and Campbell,
2004). The main components of lignin are aromatics (Demirbas, 2004) but it also contains
several functional groups such as methoxyl, hydroxylaliphatic, and carboxyl groups, among
others (Lalvani et al., 2000). It has been suggested that Cr may be bound to carbonyl (C=O) and
methoxy (O–CH3) groups in lignin through a coordinate covalent bond (Suksabye et al., 2007). It
has also been reported that Cr ions in lignin are held in inner-sphere complexes, with an
octahedral geometry (Flogeac et al., 2003). The change on the characteristic peak at 845 cm-1 in
the IR spectra suggests that in MPV plants Cr increased lignification of the cortex. This may
imply that Cr binds to aromatics of the plant cortex lignin. Previous reports (Flogeac et al., 2003;
Suksabye et al., 2007) suggested that Cr is included in lignin, altering its structure. Moreover, the
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appearance of a peak at 1730 cm-1 suggests that the cortex of the Cr(III)- and Cr(VI)-treated
plant were more proteinaceous, implying that Cr caused proliferation of proteins in MPV cortex.
This result explains, at least partially, the continuous translocation of Cr from root to stem,
observed in Figure 3.2. Results could also explain the more compact root system observed in
Figure 3.3 and 3.4. Spectral regions that are relatively specific to lignin make FTIR potentially
feasible for semi-quantifying this organic polymer. In Figure 3.5A, the corrected areas under the
curve for the lignin region in the root cortex, pertaining to control, Cr(III), and Cr(VI) treatments
were about 3.8, 7.7, and 5.9 A·cm-1, respectively (software Spectrum, Version 6.0.2.0025, Perkin
Elmer). In Figure 3.5B the corrected area for the lignin region in the stem cortex of control,
Cr(III), and Cr(VI) treatments are about 3.8, 8.2, and 6.3 A·cm-1, respectively. This data clearly
demonstrated that Cr treatments increased lignification in MPV.
Figure 3.6 showed the xylem spectra of roots (Fig. 3.6A) and stems (Fig 3.6B) of control
(#1), Cr(III) (#2), and Cr(VI) (#3) treated plants. As seen in Figure 3.6A, the main changes on
Cr-treated roots were observed around 1730 cm-1 and 845 cm-1, which suggests that the xylem of
Cr-treated plants were more proteinaceous but had less lignin compared to the xylem of control
roots. In addition, at stem level, Cr(VI) reduced lignin deposition in xylem (Figure 3.6B), which
could explain, at least partially, the loss of tension in Cr(VI) treated plants.

3.4. Conclusions
Results of this research have shown that in MPV roots, the uptake of Cr from Cr(III) did
not increase after the first month of growth; however, in Cr(VI)-treated plants, Cr in roots
increased for up to three months of growth. In both cases the translocation of Cr into the stems
increased with time. Results have also shown that the uptake of nutrient elements varied with
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time and Cr ion. For instance, in Cr(III)-treated stems and leaves, zinc accumulation by the 6th
month was about 60% lower compared to the first month (p ≤ 0.05). In Cr(III)-treated stems, Fe
accumulation decreased with time, but no changes were observed in leaves, although Cr(VI)treated plants showed to have similar Fe accumulation in all tissues throughout the 6-month
growth period. Changes in MPV macroelement concentrations varied with the Cr ion and the
macronutrient. For instance, Cr(VI) increased P and S in all plant tissues and Ca in roots, but
reduced Ca in stems and leaves and Mg in roots and stems. Cr(III) decreased P in stems and
leaves and had no virtual affect on Ca and S, while both Cr ions reduced K in all MPV tissues.
The IR spectra showed changes at 1730 cm-1 and 845 cm-1. The presence of the peak at
845 cm-1 in the IR spectra revealed that Cr altered plant lignin and the degree of lignification in
cortex increased under Cr stress. However, at stem level, Cr(VI) reduced lignin deposition in
xylem. Moreover, the appearance of a peak at 1730 cm-1 provided evidence that the cortex and
xylem of Cr-treated plants were more proteinaceous. Overall the data showed that MPV could
phytoremediate Cr in moderately impacted soils.

The material of this chapter was accepted as:
Zhao, Y., Peralta-Videa, J.R., Lopez-Moreno, M.L., Saupe, G.B., and Gardea-Torresdey, J.L.
Use of plasma-based spectroscopy and infrared microspectroscopy techniques to determine the
uptake and effects of chromium(III) and chromium(VI) on Parkinsonia aculeate, Int. J.
Phytorem. ID: BIJP-2010-0035.R3
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Chapter 4: Kinetin increases chromium absorption, modulates its
distribution, and changes the activity of catalase and ascorbate peroxidase in
Mexican Palo Verde
Abstract
Previous reports have demonstrated that Mexican Palo Verde (MPV, Parkinsonia
aculeata) is able to grow in and accumulate Cr from soil contaminated with Cr(III) and (VI).
However, most of the absorbed Cr in MPV is stored in its roots. This report shows, for the first
time, the effectiveness of the phytohormone kinetin (KN) in increasing Cr translocation from
roots to stems in MPV. Fifteen-day-old seedlings, germinated in soil spiked with Cr(III) and (VI)
at 60 and 10 mg kg-1, respectively, were watered every other day for 30 days with a KN solution
at 250 µM. At harvest, samples were analyzed for catalase (CAT) and ascorbate peroxidase
(APOX) activities, Cr concentration, and Cr distribution in tissues. Cr concentration was
determined by inductively coupled plasma-optical emission spectroscopy (ICP-OES), and Cr
distribution by electron probe microanalyzer (EPMA). Results showed that KN reduced CAT but
increased APOX in the roots of Cr(VI)-treated plants. In the leaves, KN reduced both CAT and
APOX in Cr(III) but not in Cr(VI)-treated plants. ICP-OES results showed that KN increased
total Cr concentration in roots, stems, and leaves by 45.3%, 103.3%, and 72.3%, respectively,
compared to Cr(III) alone. For Cr(VI), KN increased Cr concentrations in roots, stems, and
leaves, respectively, by 52.6%, 128.5%, and 167.5% compared to Cr(VI) alone. The EPMA
results showed that Cr was mainly located at the cortex section in the root, and Cr distribution
was essentially homogenous in stems. However, proven through X-ray fluorescence images,
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Cr(VI)-treated roots and stems had more Cr accumulation than Cr(III) counterparts. KN
increased the Cr translocation from roots to stems.

4.1 Introduction
Excess chromium (Cr) around industrial zones or dumping sites is a significant problem
in several areas of the United States and other countries (EPA, 2000). It is documented elsewhere
that metallic [Cr(0)], trivalent [Cr(III)], and hexavalent [Cr(VI)] are the most stable forms of Cr
(Zayed and Terry, 2003). Cr(III) is an essential trace element in the metabolism of humans and
animals, but excess Cr(III) may cause toxicity (Shrivastava et al., 2002; EPA, 2000 ).
Conversely, Cr(VI) exhibits strong oxidizing activity and is a known carcinogen (Kotas and
Stasicka, 2000; EPA, 1998). Cr(VI) is considered an important controlled contaminant by most
countries (Zayed and Terry, 2003; Arias et al., 2010). Chemical, physical, and thermal processes
are employed to remediate chromium contamination (Barcelo and Poschenrieder, 2003; EPA,
2000; Cunningham et al., 1997). However, a number of papers have depicted the disadvantages
of the current techniques and the advantages of the emergent green technique, phytoremediation
(Gardea-Torresdey, 2003; Fischerova et al., 2006).
Phytoremediation can be used in several modes, but for soil conditions phytostabilization
and phytoextraction are the most popular. For an efficient application of phytoextraction, plants
must accumulate an excess of the target elements in the aboveground parts. However, as defense
mechanisms, some elements are stored mostly in roots, hindering their utility in phytoextraction.
Lead (Lopez et al., 2005) and Cr (Zayeb and Terry, 2003) are among the elements with low
translocation in plants. Researchers have tried to increase the translocation of Pb from roots to
leaves by using phytohormones. For example, Lopez et al. (2005; 2007a; 2009) found that
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kinetin (KN), coupled with EDTA, significantly increased the concentration of Pb in alfalfa
(Medicago sativa L.) leaves. Other studies have demonstrated that transition elements alter the
metabolism of reactive oxygen species (ROS). Superoxide radical (O2·), singlet oxygen (1O2),
hydroxyl radical (OH·), and hydrogen peroxide (H2O2) are ROS and are important indicators of a
plant’s stress. It is well known that transition elements like Cr can induce stress forming ROS
molecules in plant cell organelles (Palma et al., 2002). It is also known that the stress can be
monitored and quantified by the activity of antioxidant enzymes such as catalase (CAT 1.11.1.6)
and ascorbate peroxidase (APOX 1.11.1.11) (Ruley et al., 2004; Verma and Dubey, 2003; Dong
and Wu, 2007). The effects of phytohormones such as indoleacetic acid (IAA), KN, and
gibberellic acid on the reduction of ROS molecules have been studied in Pb-stressed alfalfa
plants (Lopez et al., 2007a). Wang et al. (2007) studied Pb accumulation and antioxidant
response (reduction of ROS) in maize (Zea mays L.) seedlings under the effect of IAA.
Parkinsonia aculeata (Fabaceae) is native to the southwestern United States and northern
areas of Mexico, where it is commonly known as Mexican Palo Verde (MPV) (Mohnot and
Chatterji, 1965). Previous studies have shown that MPV is able to reduce Cr(VI) to the less toxic
Cr(III), as well as predict the impact of Cr species on MPV’s macromolecular components (Zhao
et al., 2009; Zhao et al., in press). However, there are no reports on either the uptake of Cr by
MPV in the presence of phytohormones or the Cr distribution and antioxidant response of MPV
under Cr(III) and Cr(VI) stress.
The objectives of this study were to address these questions and to determine MPV’s
ability to grow in Cr-contaminated soil. It is well known that kinetin stimulates cell division and
enlargement, thus it is hypothesized that KN can increase the movement and accumulation of Cr
in the shoots of MPV. For these studies, an electron probe microanalyzer (EPMA) was used to
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map the Cr distribution in MPV tissues. Cr uptake was measured by inductively coupled plasmaoptical emission spectroscopy (ICP-OES). CAT and APOX were determined by standard assays.
Previous reports have shown the efficiency of the EPMA to map Cr in Prosopis (Arias et al.,
2010) and Brassica juncea (Bluskov et al., 2005).

4.2 Methodology
4.2.1 Seed and Soil Treatment
MPV seeds were collected in El Paso, TX from a region with no reports on Cr
contamination. All seeds were immersed in concentrated sulfuric acid for 3 h, rinsed with
deionized water (DI), and immersed in DI for 24 h. Seeds were sown in top soil (30 cm) taken
from El Paso from a place with no report on metal contamination. The soil was previously dried
for 48 h at 60 °C (Fisher Scientific Isotemp Oven, Pittsburgh, PA) and sieved through a 2 mm
mesh. The physio-chemical properties of soil are described in Table 3.1(Rodríguez, 2006).

4.2.2 Effect of Kinetin (KN) on Total Cr Uptake of MPV
This research was performed in two stages. The first stage was an exploratory experiment
set to determine the total Cr uptake of MPV in soil with different concentrations of KN. The soil
used was treated with 60 mg kg-1 Cr(III) or 10 mg kg-1 Cr(VI). These Cr concentrations were
previously determined as the concentrations that stressed MPV without deterring its growth
(Zhao et al., in press). The research compares the response of MPV to Cr(III) or Cr(VI) in the
presence of KN at different concentrations. For this experiment, 400 g of soil were placed in 15
general purpose plastic pots. 7 were contaminated with Cr(III) [from a solution of Cr(NO3)3, pH
5.0 ± 0.1], 7 with Cr(VI) [from a solution of K2CrO4, pH 5.3 ± 0.1], and 1 was set as control (no
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Cr). Cr(III)-treated pots were allowed to sit for 15 days to permit the absorption and
equilibration of Cr(III) in the soil prior to sowing (Lan et al., 2007). Cr(VI)-treated pots were
sown with the MPV seeds the same day as the treatment’s application (Akio and Earnest, 1996).
Each pot was planted with 15 MPV seeds and watered with a modified Hoagland nutrient
solution (Peralta et al., 2001). After culling, only 9 similar seedlings were allowed to grow in
each pot. Fifteen days after seeding, DI and KN solutions were added to the soil. KN were used
at 0, 100, 250, and 500 µM. Depending on the treatment, each pot was watered with 20 mL of
DI, or KN solution every other day. Plants were grown at room temperature (25 ± 2 °C), a
light/dark cycle of 12/12 h, and light intensity of 53 µmol m-2s-1. Plants were treated for 30 days
before harvesting and were a total of 45 days old. Upon harvest, plants of each pot were
randomly grouped into 3 plants/group and each group was considered a replicate (three
replicate/treatment). For plant size, each plant was measured from the main root apex to the
crown and from the crown to the main shoot apex. For Cr concentration in tissues, plants were
previously immersed for about 10 seconds in 0.01M HNO3, rinsed with DI, separated into roots,
stems, and leaves and oven dried at 60 ºC for 72 h. After weighing, the dry samples were
digested in a microwave oven (CEM MarsX, Mathews, NC) with 3 mL trace pure, concentrated
HNO3 (SCP Science, NY) and then diluted to 25 mL with double DI water. Total Cr
concentrations in digested samples of roots, stems, and leaves were determined by ICP-OES
(Optima 4300 DV, Perkin Elmer, Shelton, CT). The operation parameters of the ICP-OES were:
nebulizer flow, 0.65 L min−1; peristaltic pump flow, 1.50 mL min−1; flush time, 15 s; delay time,
15 s; replicates, 3; wash time, 30s; argon gas flow, 15 mL h-1; and radiofrequency power, 1500
W.
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4.2.3 Preparation for determination of CAT, APOX, and EPMA Experiment
For the second stage of this research, plants were grown in 250 µM KN-treated soil. This
concentration was based on the previous experimental stage that determined the effects of
different concentrations of KN on total Cr uptake by MPV. This series of experiments entailed
the determination of CAT and APOX activities on plant tissues by standard assays, and the
determination of the Cr distribution in MPV tissues by EPMA. For these experiments, 18 pots
each filled with 1800 g of clean soil were used for the following treatments: universal control
(only nutrient solution), control with only 250 µM KN solution, Cr(III) (60 mg kg-1), Cr(III) (60
mg kg-1) with 250 µM KN , Cr(VI) (10 mg kg-1), and Cr(VI) (10 mg kg-1) with 250 µM KN. As
in the first stage, soil containing Cr(III) was allowed to sit for 15 days before seed planting.
Thirty MPV seeds were sown in each pot and enriched with the modified Hoagland solution.
Every other day they were watered with 90 mL of DI. After germination, weak seedlings were
eliminated from each pot, and 20 seedlings per pot were grown for further analyses. Fifteen days
after seeding, all pots were watered every other day with 90 mL of either DI water or KN
solution. Each pot was set at 25 ± 2 °C, a light/dark cycle of 12/12 h, and light intensity of 53
µmol m-2s-1. Plants were harvested after 30 days of treatment application.

4.2.4 Determination of Catalase (CAT) Activity
The activity of catalase in MPV was evaluated using a published process (Gallego et al., 1996)
with slight modification. For each treatment, 0.100 g of roots, stems, and leaves of MPV were
each homogenized with 900 µL of 25 mM phosphate buffer (pH 7.4). Homogenates were
centrifuged for 5 minutes at 14000 rpm on an Eppendorf centrifuge (Eppendorf AG, model
5417R, Hamburg, Germany). Fifty µL of the supernatant fraction and 950 µL of 10 mM H2O2
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were placed in a quartz cuvette. CAT activity was determined by monitoring the decrease of
absorbance at 240 nm, as a consequence of H2O2 consumption, using a Cary 50 UV-Visible
spectrophotometer (Varian, Palo Alto, CA). The experimental extinction coefficient of H2O2 was
at 23.53 mM-1 cm-1. The enzyme activity was expressed as nmol of H2O2 min−1 per mg of
decomposed protein. A standard of bovine serum albumin (BSA) was used and the protein
content from the extracted sample was determined by Bradford assay (Bradford, 1976).

4.2.5 Determination of Ascorbate peroxidase (APOX) Activity
The activity of ascorbate peroxidase in MPV was determined according to a process by
Murguia et al. (2004) with minor revision. Extracts of roots, stems, and leaves of MPV were
prepared using the same procedure as that of the CAT assay. After centrifugation, 100 µL of the
supernatant fraction, 886 µL of 0.1 M phosphate buffer (pH 7.4), 10 µL of 17 mM H2O2, and 4
µL of 25 mM ascorbate solution were placed in a quartz cuvette. APOX activity was determined
by measuring the decrease of absorbance at 265 nm using a Cary 50 UV-Visible
spectrophotometer.

4.2.6 Electron Microprobe Analysis
For Electron microprobe analysis, plants were washed with 0.01M HNO3, rinsed with DI,
separated into roots and stems, and cryosectioned by using a minotome PlusTM (Triangle
Biomedical Sciences, Durham, NC). The roots and stems were dissected into about 3 mm
lengths, and then frozen onto sample holders enclosed by Tissue Tek (Sakura Finetek, Inc.,
Torrance, CA) at -40 °C. Roots and stems were cut, and all the slices were prepared at -20 °C;
the 10 µm thick, frozen samples were thaw-mounted onto microscope slides (Kevley
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Technologies, Indianapolis, IN). An Ernest carbon evaporator (F. Fullam Incorporated, Latham,
NY) was used to coat the carbon onto the slides’ surface.
The Cameca SX50 electron probe microanalyzer (EPMA) (Cameca S.A. Courbevoie
Cedex, France) has four wavelength dispersive detectors and a state-of-the-art Rontec solid state
energy dispersive detector. The probe has LIF, PET, TAP, and PC1 analyzing crystals, which
can analyze most of the elements (from F to U) with detection limits as low as 100 ppm. The
operating software of the SX50 is SX RAY N50 on Solaris 2. The back scattered electron image
(BSE) and X-ray fluorescence mapping of roots and stems were acquired at a 15 keV
accelerating voltage, 100 nA beam current, 5 µm beam size, and 20 s peak counting time. The
scanning size was set based on the size of each sample.

4.2.7 Statistical Analysis
Data of total Cr concentrations and the activity of CAT and APOX were analyzed with
one-way analysis of variance (ANOVA) using SPSS software, version 12.0 (SPSS Inc., Chicago,
IL). Significant differences between treatments were detected using the Tukey-HSD (honestly
significant difference) test. References to significant differences between treatment means were
based on a probability of p <0.05, unless otherwise stated.

4.3 Results and Discussion
4.3.1 Effect of Cr(III) or Cr(VI) coupled with KN on MPV Growth
Compared to control plants, as seen at Figure 4.1A, 60 mg kg-1 Cr(III) alone and Cr(III)
coupled with different concentrations of KN did not produce toxicity symptoms or phenotypic
changes such as necrosis and chlorosis. On the other hand, as seen in Figure 4.1B, MPV
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exhibited necrosis, chlorosis, and stunting under Cr(VI) treatments. The quantitative data (Figure
4.1C) showed that none of the Cr(III) treatments affected root elongation. Meanwhile, the shoots
were longer (13.5 cm) at 100 µM KN and shorter (8.5 cm) at 500 µM KN compared to Cr(III)
treatment alone (11.5 cm). For the series of Cr(VI)-treated soil, as seen at Figure 4.1D, the length
of the root was between 1.5 and 2 cm in all treatments (no significant difference). The shoot
length (average of 5 cm) was similar for all treatments of Cr(VI) alone. This result, in agreement
with Lopez, et al. (2007b) and Tanimoto (2005), showed that KN did not have a significant
effect on the elongation of the roots and shoots.
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Figure 4.1. Forty five day old Mexican Palo Verde (MPV) seedlings growth in soil with (A)
Cr(III) at 60 mg kg-1 or (B) Cr(VI) at 10 mg kg-1 and treated for 30 days with kinetin at 0, 100,
250, or 500 µM. Average length of roots (

) and shoots (

) of MPV treated for 30 days with

(C) Cr(III) or (D) Cr(VI). Error bars in C and D represent SE of three replicates. Lowercase
letters and asterisks stand for significant differences at p<0.05.

4.3.2 Effect of KN on Total Cr uptake by MPV
The total Cr concentration in roots, stems, and leaves of MPV exposed to 60 mg kg-1
Cr(III) or 10 mg kg-1 Cr(VI) at different concentrations of KN are shown in Figure 4.2. As seen
in Figure 4.2(A-B), the total Cr accumulation in roots, stems, and leaves increased at all KN
concentrations. In all cases Cr accumulation significantly increased compared to Cr(III) or
Cr(VI) alone, except in roots treated with Cr(III) and 100 µM KN, and in leaves treated with
Cr(III) and 500 µM KN. Plants treated with Cr(III) plus 250 µM KN increased their total Cr
concentration in roots, stems, and leaves by 45.3%, 103.3%, and 72.3%, respectively, compared
to Cr(III) alone. For Cr(VI) with 250 µM KN, the total Cr concentration in roots, stems, and
leaves increased by 52.6%, 128.5%, and 167.5%, respectively, compared to Cr(VI) alone. Based
on the overall results, 250 µM KN had the best induce effect for Cr absorption and was the
concentration selected for the next experimental stage. Kinetin promotes cell division (Hu et al.,
2000) and increases the number of microtubes (Romanov et al., 2000). In duckweed plants, KN
increased the production and changed the quality of proteins (Maciejewska-Potapczyk et al.,
1976), and while in MPV, previous results showed that Cr increased protein production in cortex
and xylem (Zhao et al., in press). Such cases might be responsible for the high increases of Cr
concentration in MPV treated with KN.
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Figure 4.2. Total Cr concentrations in roots, stems, and leaves of Mexican Palo Verde grown in
soil for 45 days with (A) Cr(III) at 60 mg kg-1 or (B) Cr(VI) at 10 mg kg-1 and treated for 30 days
with kinetin at 0, 100, 250 or 500 µM. Error bars represent SE of three replicates. Lowercase
letters stand for significant differences at p<0.05.

4.3.3 Effect of KN on CAT
The activity of CAT in roots, stems, and leaves of MPV treated with Cr(III) at 60 mg kg-1
or Cr(VI) at 10 mg kg-1 plus 250 µM KN concentrations is shown in Figure 4.3A. As seen in
this figure, the response to treatments was different in every plant organ. For instance, none of
the Cr(III) treatments or KN changed CAT activity in roots; all of them reduced CAT in stem,
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while KN, alone or combined with Cr(III), reduced CAT in leaves compared to the control and
Cr(III) treatment. Moreover, in leaves, CAT activity in plants treated with Cr(III) alone reached
40 µmol mg-1min-1 H2O2 (similar to control), but in plants treated with Cr(III) plus KN, CAT
was less than 10 µmol mg-1min-1 H2O2.
As expected, Cr(VI) produced a significant increase on CAT activity in MPV. As seen in
Figure 4.3A, only in roots, the addition of KN reduced CAT activity generated by Cr(VI).
However, the reduction was not enough to reach the activity observed in control. It has been
reported that heavy metals increase CAT activity as a result of ROS formation inside plant
tissues (Geebelen et al., 2002; Shanker et al., 2004). Shanker et al. (2005) concluded that the
increase in antioxidant enzymes activity could be the response to the generation of superoxide
radical by Cr-induced blockage of the electron transport chain in the mitochondria. As an
adaptive mechanism, antioxidative enzymes, such as CAT, are correspondingly induced for
coping with ROS. However, in the present study, CAT activity in roots treated with KN alone at
250 µM, Cr(III) alone, and Cr(III) with 250 µM KN showed no significant difference compared
to control roots, indicating that Cr(III) has no toxicity on the MPV root. The decreasing activity
of CAT in stems and leaves might be due to the inhibitory effect of Cr ions on the enzyme
system itself (Shanker, el al., 2005). It has also been predicted that Cr(III) can decrease the
availability of Fe in protoporphyrins, confining heme biosynthesis, which causes a decrease in
CAT activity in Cr(III)-stressed plants (Pandey and Sharma, 2003). In other plants like Arachis
hypogaea, KN increases CAT to diminish the effect of drought (El-Meleigy et al., 1999).
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4.3.4 Effect of KN on APOX
The APOX activity in roots, stems, and leaves of MPV under the investigated treatments
is shown in Figure 4.3B. As seen in this figure, the mere addition of KN at 250 µM significantly
increased APOX activity in MPV roots and stems but reduced it in leaves. The APOX response
to the addition of KN for Cr(VI)-treated roots was converse to CAT response, with a
significantly higher amount of decomposed H2O2 per mg protein. In addition, at leaf level, the
activity of APOX in Cr(VI) plus KN-treated plants was almost double compared to CAT
activity, suggesting that APOX has a preponderant antioxidant role in MPV. Chromium(VI) has
been reported to raise lipid peroxidation, resulting in ROS formation (Shanker et al., 2004).
APOX could be correspondingly induced for coping with ROS. The decrease in APOX activity
by Cr(VI) in leaves could result from the attack caused by metal ion-induced oxygen species
(Gallego et al, 1996). The decrease in the activity of APOX could be due to a decline in enzyme
synthesis, or a change in the assembly of enzyme subunits under Cr stress (Wang et al., 2007;
Shanker, el al., 2005). The decrease in APOX activity could be due to the negative effect by Cr
on the heme biosynthesis, which lead the reduction of APOX activity in plants (Pandey and
Sharma, 2003).
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Figure 4.3. (A) Catalase and (B) ascorbate peroxidase activities in roots, stems, and leaves of 45
day old Mexican Palo Verde seedlings grown in soil containing Cr(III) at 60 mg kg-1 or Cr(VI) at
10 mg kg-1 and kinetin at 0 or 250 µM. Error bars represent SE of three replicates. Lowercase
letters stand for significant differences at p<0.05.

70

4.3.5 Effect of treatments on Chromium distribution in MPV
The EPMA, BSE, and X-ray fluorescence mapping for Cr of MPV roots and stems in the
different treatments are shown in Figures 4.4-4.8. The intensity of the spots shown on the X-ray
mapping images corresponds to the concentration of Cr in tissues.
Figure 4.4 shows the cross-section BSE image of the roots and stems of MPV under
control and 250 µM KN treatments. As seen in Figure 4.4C and D, the tissue structure of the
250 µM KN-treated root and stem appeared more compact compared to control plants (Fig 4.4A
and B) since the KN promotes cell division (Hu et al., 2000) and an increase in the number of
microtubes (Romanov et al., 2000).
Figures 4.5 and 4.6 show the longitudinal BSE and X-ray image of roots and stems
treated with 60 mg kg-1 Cr(III) alone and Cr(III) with KN at 250 µM. As shown in the X-ray
mapping for the roots’ images (Figure 4.5B and 4.6B), most of Cr is located in the cortex
section. Previous results have already shown that Cr(III) produced an increase in root and stem
cortex lignin in MPV, which is proposed as a Cr storage compound (Zhao et al., in press).
Bluskov et al. (2005) reported that the sites for Cr localization are in epidermal and cortical cells
in the roots of Brassica juncea (Indian mustard). It had also been reported that Cr in Leersia
hexandra Swartz was preferentially stored in the cell walls of roots (Liu et al., 2009). Generally,
epidermal and cortical cells contain higher amounts of metals than phloem and xylem, due to the
Casparian strip, which is the barrier inside the endodermis (Barcelo and Poschenrieder, 1990).
However, as seen in Figure 4.5D and 4.6D, the Cr distribution within the stem was essentially
homogenous. Moreover, comparing Figures 4.5B and 4.6B to Figure 4.5D and 4.6D, it can be
seen that there was higher deposition of Cr in roots than stems since the X-ray image of roots is
brighter and shows a higher intensity compared to stems. These images confirmed the higher Cr
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accumulation in roots than in stems for Cr(III) treatments. This result is also in agreement with
the ICP-OES results (Figure 4.2A) that showed total Cr concentrations of 695 and 1010 mg kg-1
DW in roots, and 51 and 104 mg kg-1 DW in stems for the treatments of Cr(III) alone and Cr(III)
with KN, respectively. Although the X-ray mapping shows low Cr concentration in stems, Figure
4.6D shows that Cr(III)-KN treated plants had a higher Cr concentration compared to plants
treated with Cr(III) alone. This result proves that the phytohormone KN increased Cr
translocation from roots to stems in MPV.
In general, the Cr distribution in MPV under Cr(VI) treatment showed similar trends as in
the Cr(III)-treated plants. Figures 4.7 and 4.8 show the longitudinal BSE and X-ray images of
roots and stems grown in soil containing 10 mg kg-1 Cr(VI) alone or Cr(VI) with KN at 250 µM.
As in the case of Cr(III)-treated plants, the distribution of Cr in roots was mostly located in the
cortex section (Figure 4.7B and 4.8B). However, as seen in Figure 4.7D and 4.8D, the Cr
distribution in the stem was essentially homogenous with less density of Cr compared to the root.
The X-ray images shown in Figures 4.7 and 4.8 also show that the roots and stems of Cr(VI)treated plants had more Cr accumulation than the corresponding part in Cr(III)-treated plants.
The ICP results (Figure 4.2B) corroborated these results: the total Cr concentrations were 2927
and 4465 mg kg-1 DW in roots, and 373 and 852 mg kg-1 DW in stems for the treatments of 10
mg kg-1 Cr(VI) alone and Cr(VI) with KN, respectively. Comparing Figures 4.7D and 4.8D, it
can be seen that KN increased the translocation of Cr from roots to stems in Cr(VI)-treated MPV
plants. KN could have caused the increase in protein content and cell division, which might be
responsible for the increase of Cr uptake in MPV (Hu et al., 2000; Maciejewska-Potapczyk et al.,
1976).
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Figure 4.4. Cross-section Back Scattered Electron Image (BSE) of (A) root and (B) stem of 45
day old Mexican Palo Verde seedlings grown in clean soil without kinetin, and (C) and (D) with
kinetin at 250 µM.
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Cr(III) Roots (A and B) and Stems (C and D) Longitudinal View
B: Cr
A: BSE
C: BSE
D: Cr

Figure 4.5 Back Scattered Electron Image (BSE) and Cr X-ray mapping of roots and stems of
Mexican Palo Verde grown for 45 days in soil containing Cr(III) at 60 mg kg-1. From left to
right, longitudinal view (A) BSE of root, (B) Cr X-ray mapping of root, (C) BSE of stem, and
(D) Cr X-ray mapping of stem. The intensity of the spots showed on the X-ray mapping images
corresponds to the relative concentration of Cr in tissues.
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Cr(III) Roots (A and B) and Stems (C and D) with 250 µM KN Longitudinal View
C: BSE
D: Cr
A: BSE
B: Cr

Figure 4.6. Back Scattered Electron Image (BSE) and Cr X-ray mapping of roots and stems of 45
day old Mexican Palo Verde grown in soil containing Cr(III) at 60 mg kg-1 and treated for 30
days with 250 µM KN. From left to right, longitudinal view (A) BSE of root, (B) Cr X-ray
mapping of root, (C) BSE of stem, and (D) Cr X-ray mapping of stem. The intensity of the spots
showed on the X-ray mapping images corresponds to the relative concentration of Cr in tissues.
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Cr(VI) Roots (A and B) and Stems (C and D) Longitudinal View
A: BSE

B: Cr

C: BSE

D: Cr

Figure 4.7. Back Scattered Electron Image (BSE) and Cr X-ray mapping of roots and stems of
Mexican Palo Verde grown for 45 days in soil containing Cr(VI) at 10 mg kg-1. From left to
right, longitudinal view of (A) BSE of root, (B) Cr X-ray mapping of root, (C) BSE of stem, and
(D) Cr X-ray mapping of stem. The intensity of the spots showed on the X-ray mapping images
corresponds to the relative concentration of Cr in tissues.
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Cr(VI) Roots (A and B) and Stems (C and D) with 250 µM KN Longitudinal View
A: BSE

B: Cr

C: BSE

D: Cr

Figure 4.8. Back Scattered Electron Image (BSE) and Cr X-ray mapping of roots and stems of 45
day old Mexican Palo Verde seedlings grown in soil with Cr(VI) at 10 mg kg-1 and treated for 30
days with kinetin at 250 µM. (A) BSE longitudinal view of root, (B) Cr X-ray mapping of root,
(C) BSE of stem, and (D) Cr X-ray mapping of stem. The intensity of the spots showed on the Xray mapping images corresponds to the relative concentration of metal in tissues.
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4.4 Conclusions
The study showed that kinetin at 250 µM increased the translocation of Cr from roots to
stems in plants treated with both Cr ions. Kinetin reduced CAT but increased APOX activity in
roots of Cr(VI)-treated plants. Both CAT and APOX were reduced in leaves of plants treated
with Cr(III) and KN. However, under Cr(VI) stress neither CAT nor APOX were reduced by the
present of KN.
The EPMA proved to be a practical tool for metal analysis in plant tissues. X-ray images
showed that for both of the Cr(III) and Cr(VI) treatments, Cr was mainly located at the cortex
section in the root, and Cr distribution was essentially homogenous in stems. However, Cr(VI)treated roots and stems had more Cr accumulation than the corresponding part in Cr(III)
treatments. Results confirmed that KN increased the translocation of Cr in MPV, and that the
absorption from Cr(VI) is higher than that of Cr(III).

The material of this chapter was submitted and in review as:
Zhao, Y., Peralta-Videa, J.R., Lopez-Moreno, M.L., Ren, M.H., Saupe, G.B., and GardeaTorresdey, J.L. Kinetin increases chromium absorption, modulates its distribution, and changes
the activity of catalase and ascorbate peroxidase in Mexican Palo Verde. Environ. Sci. Technol.
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Chapter 5: General Conclusions
The conclusions derived from this research are summarized as follows:


Comparison of the two Cr species, demonstrating that the compounds of Cr(VI) are
comparatively much more toxic than those of the Cr(III) compounds, because of the strong
oxidizing nature and higher solubility of Cr(VI).



With regards to macro- and micronutrient accumulation, it is apparent that the presence of
Cr has a significant effect on the uptake and distribution of most of the metal ions examined,
interactions between Cr and macro- and micronutrient ions examined in this study may be
based on a variety of sources, including their physicochemical properties, charge, or their
effective ionic or metal radii, possibly leading to complex formation between Cr and the
metal ions.



Chromium uptake and tolerance by MPV was studied in a 6-month period experiment with
Cr(III) and (VI) at 60 and 10 mg kg-1, respectively. Results of this research have shown that
in MPV, roots that uptake Cr from Cr(III) do not increase after the first month of growth;
however, in Cr(VI) treated plants, Cr in roots increased up to 3 months of growth. In both
cases the translocation of Cr to stems increased with time.



The IR spectra showed main changes at 1730 cm-1 and 845 cm-1. The presence of the peak at
845 cm-1 in the IR spectra revealed that Cr altered plant lignin in the cortex and xylem, as
well as the degree of lignifications, which increased under Cr stress. However, the
appearance of a peak at 1730 cm-1 provided evidence that the cortex and xylem of Cr treated
plants were more proteinaceous as well.



For both Cr species treatment, different concentrations of KN treatments (100 µM, 250 µM,
and 500 µM) significantly increased the Cr accumulation in the roots, stems, and leaves of
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plants than in the control plants (60 mg L-1 Cr(III) alone or 10 mg L-1 Cr(VI) alone).
Overall, 250 µM KN performed the best inducing effects for up taking Cr in the MPV.


The activity of CAT and APOX in plant tissues all increased except for APOX in leaves
when Cr(VI) alone and Cr(VI) with KN at 250 µM were added to the media. The
phenomenon of increasing activity of CAT and APOX indicated that the stress and the
antioxidant capacity were promoted. It revealed the toxicity of Cr(VI) to the MPV



The EPMA BSE and X-ray fluorescence images of MPV roots and stems showed the
distribution of Cr in the plant tissues. For the root, the Cr is mainly located at the cortex
section for both Cr(III) and Cr(VI) treatments, however, the Cr concentrations in the phloem
and xylem are much less than in the cortex. For the stem, the Cr distribution is essentially
homogenous, and the concentration is much less than in the root.



XAS data showed that Cr(VI) was reduced to Cr(III) in/on plant roots and transported as
Cr(III) to stems and leaves. The XAS studies also showed that Cr(III) within plants was
present as an octahedral conformation bound to 6 oxygen atoms.



This research has demonstrated the ability of MPV to uptake and store Cr inside plant
tissues, as well as MPV’s ability to phytoremediate moderately contaminated Cr soils.
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Appendix: Abbreviations
ANOVA:

One-way analysis of variance

APOX:

Ascorbate peroxidase

BCF:

Bioconcentration factor

BSA:

Bovine serum albumin

BSE:

Back scattered electron image

CAT:

Catalase

DI:

Deionized water

EC:

Enrichment coefficient

EPMA:

Electron probe microanalyzer

EXAFS:

Extended X-ray absorption fine structure

KN:

Kinetin

IAA:

Indoleacetic acid

ICP-OES:

Inductively coupled plasma-optical emission spectrometry

IMS:

Infrared microspectroscopy

LC-ICP-MS: Liquid chromatography-inductively coupled plasma-mass spectrometry
MPV:

Mexican palo verde

ROS:

Reactive oxygen species

SOD:

Superoxide dismutase

TF:

Translocation factor

XANES:

X- ray absorption near edge structure

XAS:

X-ray absorption spectroscopy
104

Curriculum Vita
Yong Zhao was born on September 26, 1971 in Hefei, China. The son of Yezhan Zhao
and Fenyue Chen. He graduated from Experimental High School of HUT, Hefei, China. In the
fall of 1990, he entered Hefei University of Technology to pursue a bachelor’s degree in
chemical engineering. In fall of 1994, he received his B.S. degree and kept on study at Hefei
University of Technology to pursue a master’s degree in chemical engineering. He worked with
the New Investment Co. Ltd. (Shen Zhen) and Peridot Computer Metal (Shen Zhen) Co. Ltd.
after receiving his M.S. degree from Hefei University of Technology in 1997. In fall of 1999, he
obtained a job in USA, so he started to work with E&A Technology Inc. El Paso, Texas. In the
fall of 2003, he entered the Graduate School at The University of Texas at El Paso and received
his Master in Science Degree at fall 2005. In the spring of 2006, he joined the PhD Program
under the supervision of Dr. Jorge Gardea-Torresdey at the chemistry department of UTEP.
While at UTEP, he authored and coauthored scientific publications in some of the most
prestigious international journals in the environmental field. Below are enlisted his recent
publications and presentations.
Publications:
Zhao, Y., Peralta-Videa, J.R., Lopez-Moreno, M.L., Ren, M.H., Saupe, G.B., and GardeaTorresdey, J.L. Kinetin increases chromium absorption, modulates its distribution, and
changes the activity of catalase and ascorbate peroxidase in Mexican Palo Verde.
Environ. Sci. Technol. (submitted and in review).
Zhao, Y., Peralta-Videa, J.R., Lopez-Moreno, M.L., Saupe, G.B., and Gardea-Torresdey, J.L.
Use of plasma-based spectroscopy and infrared microspectroscopy techniques to
105

determine the uptake and effects of chromium(III) and chromium(VI) on Parkinsonia
aculeate. Int. J. Phytorem. ID: BIJP-2010-0035.R3.
Zhao, Y., Parsons, J.G., Lopez-Moreno, M.L., Peralta-Videa, J.R., and Gardea-Torresdey, J.L.
2009. Use of synchrotron- and plasma-based spectroscopic techniques to determine the
uptake and biotransformation of chromium(III) and chromium(VI) by Parkinsonia
aculeata. Metallomics 1, 330-338.
Saupe, G.B., Zhao, Y., Bang, J., Yesu, N.R., Carballo, G.A., Ordonez, R., and Bubphamala, T.
2005. Evaluation of a new porous titanium-niobium mixed oxide for photocatalytic water
decontamination. Microchem. J. 81(1), 156-162.

Poster Presentations:
The Study of Cr(III) and Cr(VI) Uptake by Parkinsonia Aculeata, American Chemical Society,
Southwest Regional Meeting, 2009.
Fabrication of a SPR Spectroscopy and the thin film characterization, Research Expo 2007
UTEP Chapter.
SPR Spectroscopy and the Analysis of Thin-films, Opportunities 2006 New Mexico Chapter,
(Applied Surface Science Division of AVS- The Science &Technology Society).
MUAM Synthesis for Tethering Biological Probe in SPR Spectroscopy, Research Expo 2006
UTEP Chapter.
Permanent Address:
1700 Hawthorne Apt 236
El Paso, Texas 79902
This dissertation was typed by the author.

106

